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E ABSTRACT

= A method for visualizing objects immersed in water is formulated

V analytically and demoastrated experimentally, The technique, called "acoustic
holography, " is an adaptation of Gabor's two-step imaging process known as

- wavefront reconstructicn or holography. The hologram is first formed from
coherent acoustic radiation and then the image is reconstructed optically

using coherent light source, Acoustic holography has advantage over other
schemes for imaging.in optically opaque media in that lenses or other focusing
E - devices are not required, and a complete amplitude and phase reconstruction

of the scattered field may be obtained. Since instantaneous amplitude is an

ascustic observable, the rzference field may be simulated electronically.
Moreover, by resorting to heterodyne or phase detection the cross product
term between object and reference signals may be generated without the un-~
desired extraneous terms which cccur in conventional holography. A scanning
technique for generating acoustic holograms of underwater ogjecis in the
laboratory is described in detail. Using this system, acoustic holograms have
* . heen recorded which show angular resolution of 3.6 milliradians, approximateiy
| 1.5 times the Rayleigh limit., A variable contrast television display was used

to view the acoustic holograms. To limit ti.e attenuaticn of acoustic wave in

«

sea water tc a tolerable value, only acoustic signal with frequencies below

1 MHz should be used. We used 1 MHz signal for our experiment. Con-
sequently, the quality of any acoustic image is degraded by poor resolution and
gpecular reflection. It is suggested that diffuse or incoherent illumination

be used to overcome the defect that acoustic images often apgear as difiracted

highlights rather than as extended forms. Thus, it appears that acoustic

holography is not necessarily optimum for all acoustic imaging situations,
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CHAPTER I
INTRODUCTION

Historically, optics has referred primarily to the study of
light; imaging, to the specific class of optical phenarena in which
material bodies {chbjects} are represented by geometrically similar
patterns of light (images). However, this is unduly restrictive since
imaging is merely a consequenic of the wave-like properties of electro-
magretic radiation. More properly, imaging concepts should be extended
to include mathematicaily related phenocena in which the object is

"illuminated” with wave fields other than light and invisible "image"
patterns are formed from the scattered radiation. The scope of optics
is thereby enlarged to encospass z broad group of physically distinct
but mathematically sinilar wave phenteenz.

Here we are concerned wid: acoustic imaging, a process belonging
in thic Dore general category. Ir acoustic imaging the chiect sceneis
3137 minated” with acoustic radiation rather than iight, a9 acousti
Timge” patterncs are formed from the scattersed acaustic fields by
varicus mesns. The acoustic images =3y them be visvalized - rendered
visikle - through aoplicztion of sme sort of acousto-optic interaction.
Since by definition 211 wave fields ooy matheetically similar eque-
tinnc cf morics: we ave mearantsed that, 2t least to first order, visual-
ized acoustic images wiil bear sae recegnizzble resesblance to the
original scene. lzmaging of this Gype may be extrezely useful whenever

the vbject is izbecled in media cpagues to light.
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Accustic imaging differs from and should not be confused with
the conventional echo ranging techniques commonly known by the generic
term scnar in thail imaging provides displavs of the object scena lying
in planes transverse to, as well as along, the direction of propagstion
whereas sonar provides primarily range profiles along the direction of
propagation; i.e., longitudinal "images."

The reasons for the study of acousti< imaging should be clear.
The quantity of information transmitted via wave fields and displayed
as images is encrmous. Indeed, under ideal conditions (infinitely
large appertures and unlimited detector resolution) the maxim= infor-
mation deasity in an optical display is limited only by the information
carrier, here scalar wave fields of wavelength ) from which the isage is
foreed. Gabo" and others have shown that wave fields cemnot transsit
inforzation about boundary details with characteristic spacings much
s=ailer than ) because such information is carried by evanescent wavss
which decay sc repidly that at distances beyond 2 fex wevelengths from
the boundary the field zplitude associated with these details wil
always be less than the azhient noise =plitde. For exszpile, cowen-
tional images forved with light =2y contain inforssUc demsities ex-
ceeding 169 bits,ic-zg of retrievabie inforsaticn; infarzaticn demsities

g
as high as 18" iaitsfcz‘ have besn recorded by photographic meass.

= This fig"“e is Tepresentative of the Icda¥ series €48 emisiam
¥nich zve nown r#':oz'ra ln EXCE3S cf 33&3 iiresfrm. The -wf-

black ang Liite t film, Sxh 25 Yodsk g m*mac-.a can
record imsge detail to 100 linesfrm or iﬁé bitsfcm?. {See
?.ezere.!}:s ?..} Tor ocoparisca, high density mtegmaaz circait
mgma"me:arﬂt’esa iy Ie of
szarirg ap;:rmsatei 2000 bits/cn?. (Ses Referemce 3.)
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Information densities of this megnitsde zra typicsl of HOSSOBIC
scenes. Resclution of molecular or atcmic detidl reguives ilhumineticm

at wavelengths =mch shorter then that of visibie light, sar 22 X-ray o7

oA el G A 1L g

electron wavelengths.

Informaticn transmitting czperity of suih Tegnivede is of
estimable value in scientific imvestigetinm and exploravtion.
the infrmation contzined in wave fields is often vastiy gresuer them .
the czpetity of the eye or other device o receive directiy. For o=w

&®
ple, neamra? virtnml imeges of the cosic, microscopic 28 sixEc

'R

regicns of the universe, always of grest inteyest o the sciemtist, oom-
tain informaticon densities fzr excesSing that which the gye can dotact
and =zdeguately resclve without =oilizyy spparatss, Sxch regicos =ve
usiaily regaréed ss “imvisibie™

Quite zr=rt fro» resoluticn and fHeld of view restriciises

]

posed by amy resiizzhbie receiving or display process, the informmticn

M

hich 2o be tremsmitiad frop Goe ohject imto = aptics! displsy
informaticn loss oooms by scatlericg =S Zhsorptismof
as it propsgatss thraug: the mxdim.  &oT sie, iight procegsting

throogh even pore w2ter is both =hacbed == scattsrss &F the wetsr

moisculss o sach great exient WhEt Visicm. in e ordimary seose, is
£,3

iindtsd o distences iess han 32 o 108 metsTs 7T, In oer CEses,

* Xormal, wm2iced visicn ahuwsys Immolves viaesing virisal Immges.
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although intrinsic absorption by the medium may be small, randem turbu-
lence induces scattering which limits the detail which can be resclved
through such media, For exampie, observation of stellar bodies from
the Earth's surface is severely hampered by uncontrollable fluctuations
of the terrestrial atmosphere6.

Hence, from the time of Galileo (the telescope) and Leeuwenhoek
{the microscope) cne of the great challenges of experimental science
has been to render visible those regions beyond the ability of the eye
to perceive; more technicaliy, to extend visual perception into regions
outside the space bandwidth product of the eye.* The quest for greater
visibility has led to imaging with fields to which the eye does not
directly respond; to wit, x-rays (crystallography), electrons (electron
and field emission microscopy), acoustic radiation (acoustic holo-

graphy), etc. The emphasis here is directed toward acoustic imaging

by which is meant the visualization through acoustic means of objects
imbedded in solid or liquid media usually opaque to light.

Interest in acoustic imaging has arisen in response to rapidly
expanding activity in two relatively new but quite unrelated fields,
biomedical engineering and oceanography. The use of x-rays in medical
diagnosis has always been somewhat problematical. Not only does x-ray
imaging subject the patient to extremely hazardous radiation, but the
resulting images often do not fully satisfy the requirements of the
examiner. For example, the technique does not readily distinguish

different types of tissue. Further, because it is difficult to focus

* This concept is discussed in Chapter 1I.
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x-rays, the display is actually an x-ray shadow rather than a truly
three dimensional focused image of internal body structure. Acoustic
imaging need not possess either of these drawbacks.

Acoustic imaging may also play a role in an entirely different
endeavor, the development of underwater resources. Lack of visibility
is becoming an impediment to more rapid progress in undersea explora;
tion, mining, and transportation. Even in absolutely pure water, light
will not propagate much further than perhaps 100 meters. Worse, one is
usually most interested in operating along the ocean floor where the
water has likely been churned into murky clouds of mud stirred up from
the bottom. The range of x-rays in underwater situations is limitedto
the order of a few centimeters. On the other hand, acoustic fields can

propagate through water for hundreds to thousands of meters, depending

- upon freguency, without excessive attenuation. Thus, for oceanographic

applications acoustic imaging assumes importance as a means of extending
visibility beyond the range of electromagnetic radiation.

Acoustic imaying is an infant science, at a stage of development
which may be likened to that of conventional optics when Galileo first
observed the moons of Jupiter. A multitude of challenges must be over-
come in order to make acoustic imaging viable with other investigative
techniques. The goal is an acoustic system which provides in real }_’_m_g_*

visualization with approximately the quality of inexpensive camera

* Standard broadcast television frame rates (30/sec) will satisfy
the real time requirement. However, this is probably restrictive
and 8mm movie frame rates (16/sec) or lower (8-10/sec) will be
sufficient.
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snapshots or standard television displays. The sophisticated refine-

ments of light cptics are not required.
If acoustic imaging is to proceed along conventional lines then
an acoustic lens or other focusing device will be needed. However,

such devices present formidable development and fabrication problems.

Consider a typical camera apperture; a comparable apperture for 1 MHz

acoustic radiation would be a thousand times larger, measuring perhaps

100 meters or more in diameter. Such a device could hardly be con-

sidered portable. Further, the scale of the object scene will be the

same whether the illumination is acoustic or visible. Hence the F

number {focal length to diameter ratio) of ideal acoustic lenses must
be quite smail and the images will then be subject to the severe
atberations and distortions inherent in nonparaxial imaging. There-
fore, for practical reasons acoustic lenses will very likely be ap-
preciably smaller than ideal and the resulting displays will be
comparable to those obtained by pinhole imaging with light.

Recently, an entirely new and different method of imaging which

does not reguire lenses, the twe step process invented by Dennis
Gabor7’8’g’lo’ll’12

and known as holography, has become the subjectcf

intense research activity in visible optics. Because Gabor's technique

does not require lenses, crude experiments in acoustic imaging can

actually be performed more easily by adopting the methods of holography
rather than conventional methods employing auxiliary focusing apparatus.
Tronically, this is just the reverse of the situation in visible optics

where good lenses are easily fabricated but holograms require carefully

controlled laboratory setups. Of course, the reason is clear.
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Holograpky requires coherent radiation. Coherent acoustic radiationis
easily generated by crystal controllad oscillators. Conversely,
coherent light usually requires a laser source and special precautions
to ensure that the illumination is sufficiently coherent to produce
high quality nolograms. We shall present a study of acoustic imaging

by holography; i.e., acoustic holography.

In order to include holography in optical discussions, the term

"image" must be replaced with the broader concept of optical representa-

tion. By an optical representation of amy object we include not enly
those referred to conventionally as '"images' which bear some geo-
metrical similarity to the cbject, but, more generally, any field con-
figuration which may result from an illuminated or l'minous boundaryar
volume. For example, a snapshot is a conventional image but a hologram
is an optical representation in the more general sense; holograms
usually bear no resemblance to the obiects from which they are formed
although they actually contain more information about those objects
than do conventional p}'xo*ltf.:»g'raphs.’t The entire process of forming
optical representations of any type shall be referred to loosely as
imaging.

The plan for the discussion of accustic imaging to follow is

* There has been some confusion surrcunding this point. It is often
concluded that the reconstruction from a hologram contains more
information than the image from a lens. This is not correct; the
iens image is also three dimensional. However, the three
dimensional nature of the lens image cannct be recorded on atwo
dimensional medium without resorting to special methods such as
holography or stereoscopy. (See Reference 13.)
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simple. In Chapter II the elements of scalar imaging are presented as

i
W)

they apply to simple accustic imaging systems; the basic imaging
problem is to determine the causal relation between ccntrast of object

bourdary field spatial structure and contrast of corresponding image

field structure. In general, image contrast is a decreasing function

of spatial frequency; cbject structure for which the corresponding

image contrast vanishes is not resolved. In acoustic imaging it is

especially important to maximize the resolution obtainable from a

given aperture because of the relatively long wavelength of acoustic

=

radiation. No doubt image resolution and contrast is one of the major

criteria by which acoustic imaging systems must be evaluated.
The properties of the detector and the statistical behavior of
the scalar image field significantly constrain the contrast transfer

characteristics, hence resolution, of imaging systems. In this sense

acoustic imaging systems are more interesting than optical imaging

A

systems. To wit, imaging with light is restricted to detectors whose

TR

.
s
A P o 1L LS

output is same long time average of the electromagnetic field energy.

Conversely, the piezoeiectric and ferroelectric compounds form an

SRR S

important class of acoustic radiation detectors for which the output is

s e

MR

proportional to instantaneous acoustic pressure ampltidne14 This

BRI

allows latitude in the design of acoustic imaging systems which is not

possible for optical imaging systems.

The significance of the flexibility inherent in acoustic imaging

XPRHG IO i R N TR

with arrays of piezoelectric elements becomes apparent when the

statistical time evolution of the field is taken into account. For

detector outputs which are long time averages of the field energy,

ISR
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spatiaily incoherent imaging tends to provide greater ultimate
resolution but less contrast than coherent imaging. In additicn,
incoherent images do not suffer from edge ringing and other inter-
ference effects. By electronically synthesizing higher order moments,
say the fourth crder, it should be possible to further improve the
resolution of inccherent acoustic imaging systems. Mcreover, by
employing scanning systems such as the Covington-Drane antenna rather
than lens systems the contrast of the incoherent acoustic system can be
made tc approach that of the coherent system but with twice the
resolution.

Heretofore, acoustic imaging has been confined to spatially
coherent point scurce acoustic illunination and using holographic
techniques. It seems clear that a new class of experiments in acoustic
imaging is called for, namely using spatially incoherent, extended
acoustic sources, lenses or other focusing devices, and a variety of
electronically synthesized detection characteristics. Such experiments
have scientific merit without regard to practical applications since
similar experiments cannot be performed optically. For example, by
varying the averaging time of the detector output, easily accamplished
electronically, the effective degree of coherence ¢f an acoustic
imaging system can be varied continucusly from completely ircoherent to
completely coherent.

The other major facter to be considered in judging the viability
of acoustic imaging systems is the adaptability of the imaging process

to real time imaging. Holography is basically a two-step process

therefore is not realily adaptable to real time imaging with piezo-

v STl lm e 2 S Rl o m —Ere - S e m eSS amm s =i T e = e A
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electric detectors.* In this regard it should also be noted that since
incoherent imaging requires finite detector averaging times the frame
rate at vwhich acoustic images are formed may be less than one might
desire.

The variety of acoustic imaging systems which can be devised is
certainly more extensive than the list presented in Chapter II. Tn
this context acoustic helography must then be regarded simply as one of
many possible acoustic imaging schemes and it seems rather premature
to assess the viability of acoustic holography until cther imeging
methods have been investigated experimentally.

Difficulties of unique importance in acoustic imaging are posed
in Chapter 11I. Specular reflection and attenuation will significantly
degrade the quality of images obtained by long range acoustic imaging
of objects in the sea. Specular raflection is the most severe
problem; it renders most objects mere highlights of extended objects.
The problem of specular reflection can be eliminated by using diffuse,
extended sources of acoustic illumination. Here again incoherent
accustic sources, either natural or man made, may prove superior to
coherent scurces.

In Chapter IV a theory of hclography is formulated in terms of an
eigenvalue equation. This type of equation represents mathematically

the phenomena of wave front reconstruction. It is interesting to note

% In order to provide real time acoustic imaging by holcgraphic
means and employing pi-zoelectric detectors it will be necessary
to form the hologram on some photosensitive material such as the
heat developing f£ilm manufactured by The Minnesota Mining and
Manufacturing Company which can be dry-developed essentially
instantaneously.

10
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that equations of this type play a central role in many scientific
disiplines. Following an outline of the eigenvalue formalism, the
holographic process is describev in terms of a diffraction theory
based upon expanding the fields in plane wave spectra rather than the
more usual treatment employing a double application of the Rayleigh-
Sommerfeld-Green or Fresnei-Kirchoff diffraction integrals. Plane
wave expansions are used because the situations encountered in acoustic
imaging are often non-paraxial. Special properties of , the detector
which do not arise in the theory of optical holography but which must
be considered in acoustic holography are included in the theory. If
certain simplifying assumptions are made then the eigenvalue equation
possesses a cortimum of solutions. In the more genral non-paraxial
case it is not known if there are any solutions: i.e., if perfect
reconstruction is possible.

Finally, in Chapter V the results of experiments are presented
which demonstrate that images of underwater objects may indeed be
obtained by acoustic means employing the techniques of holography.
These experiments involve a scanning procedure which proved expedient
for the purpese of demonstrating the feasibility of acoustic holography
but which does not bear practical merit. Special effort was expended
to make the experiments representative of the type of situations that
would be encountered in practical undersea acoustic imaging problems.
For example, the frequency was low enough (1 Mz, A = 1.5 mmj to
providc a range of perkaps 50 - 100 m in clear sea water, the aperture
was a realistic size (approximately 1.5 m square), objects were imaged

in reflection rather than backlighting. and the ranges were 1.5 - 3 n.
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Included is a demcnstraticn of the severity of the highlight proble=
snd special techniques for viewing acoustic images.
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ELBENTS OF SCALAR DUGING
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1. DAGING, A GENERAL PROBLEM IN SCALAR WAVE FROPAGATION

L Ly T T T

; Cptics, in the broad sense to be taken here, refers to the study
; _ of any propagating disturbance (not necessarily electramagnetic) de-
E scribable by & real scalar function ¥(z,t) of position r and time t,
hereafter called the optical or save field, which satisfies the homo-
% genecus scalar wave equation )
i vy - —— 2580 .o (11.1)
2 [c(z3] 3t :
3 z
T%; subject to Cauchy boumdary conditiGns on open space-time bomdariasls. *
"ff. The disturbance propagates through a nediua M with velocity =(z), the
g position dependence of c denoting an inhomogeneous material. More
§ generally, the material will alsc be anisotropic and dispersive and
: § wave propagation therein more complex %han that izplie¢ in Equation
% {11.1). Nevertheless, the extensive and important class of uptical
% phenomena known as scalar imaging is contained in Equaticn (II.1).
§ Many quzntities of diverse physical origin obey the scalar wave
% equation, at least approximately, hence qualify as optical fields.
§ Ancng others we may list small amplitude acoustic pressure, velocity,
% and displacement fields in non-viscous fluids, and the components of <
g any electramagnetic field. Indeed, under certain conditions, electro- .
3 % magnetic radiaticn in the visible spectnum (iight) is fully represented
’ g‘ by a single scalar field V{(z,t) referred to as the light arglitudem.
B
% 13 :
e ——
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I=aging, the process of forming cpticai representatiéns, is an

isportant and venercble branch of optics which, historicaily, Las been

asscciated aizost entirely with 1ight. In this chepter the more i=por-

tant aspects of sczlar imaging theory will be extendsd to encospsss

reiated acoustric phencmenz a5 w

A general imaging situation is depicted schematically in Figurs
I1.1 . A sisply or multiply comnected region G, the object space, is
"illiminated” by a wave field ?L(Z’t} radiatisg free lisincus scurce

vegion L. The cbject scatters a fieild ?O(E,t}. which, in general, will

propagate in all directions. After passing through the intervening

medi= M(x,t) 2 portion of ?0 =3y happen to fali vpon some arran},eme‘nt
of materisl F(r), the imaging or focusing device. The imaging device
transforms the field %, in the space U irto a pew field ¥, in the
space 1, the image space, immediately adjacent to F. In the inage
space ¥y forms various spatial patterns H{r,t) which zre optical repre-

sentations for the cbject O. These patterns may be reccrded for use at
a later time.

Fer zny given vbiect, the exact configuration of H has ceasider-

able iatitude. It may be gecmetrically similar to the cbject in which

case it is known 25 an image and is recorded as a photograph. However,
in one important situation, holcgraphy, H is an interference pattern
bearing little or no resemblance to the cbhject; a record of this inter-

ference pattern is called a hologram. The emphasis in the remaining

chapters is upon holography. However, before taking up this study,

certain elementary properties characteristic of any imaging system
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= must be provided; in particular, basic relations governing resolution

will be formulated.
2. THE OBSERVABLES OF ACOUSTIC IMAGING

We begin by defining the observables of any imaging system, The
general propagation probiem is to detemmine ¥{r,t) satisfying Equation
(II.1) and specified boundary cenditions in space-time. The imaging
problem requires two additional constraints: (1) only certain func-
tionals D(x,t) of rptical fields are observable; i.e., can be measured,
and (2) ¥(r,t) is a stochastic function; i.e., a function which repre-
sents a physical quantity exhititing random fluctuations in space-time.
Condition (1) merely reflects the properties of the apparatus
used to detect optical fields, namely that the output of the detection

elements may not respond directly to the field amplitude, rather to

o D ARCOORIIEPI: A OINI J 1 sin e e

various physical quantities D called image observables which are func-

tionals of the field amplitude. Condition (2) is a statement that any

gL

physical process giving rise to optical fields is inherently statis-
tical in nature. The manner in which the field statistics will influ-
ence imaging depends upon the characteristics of the detection process,
the study of which we now take up.

A general class of image observables may be written as

D(x,t) =f fly(r,t')Iw(t-t")de’ (11.2)

-0

: where f represents some function of the field and w(t-t') is a temporal

weighting factor. For example, the only detectors known to be

16
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sensitive to light respond to incident field energy flux rather than to
field amplitude. Moreover, the response time of any known light sensi-
tive detector (photographic emulsion, bolometer, photocell, retina,
etc.) is much longer than the period of osciilation of light, hence the
detector output D cannot follow the instantaneous oscillations cf the

light. Accordingly, Skinnerl7 has shown that only the time averaged
intensity of light can be measured and the appropriate image observable

is

) « ¥z, t12) = ERIER5), (11.3)

where angular brackets <: :>indicate an infinite time average

(11.4)

and superscript * denotes complex conjugation.

Here we have adopted the convention that the complex valued
mathematical fields ¥ are to be taken as the analytic signal representa-
tions of the real valued physical fields ?18. It is understood that at
the end of a calculation the physical quantity is regained as the real
part of the analytic signal, thus ¥ = Rey. The infinite time average
is a mathematical convenience. It should be interpreted as meaning an
average over times long compared to the period of oscillation of the
radiation and the mean time between statistical fluctuations cf field
amplitude and/or phase. Devices obeying response (II.3) are known as

energy or square 'aw detectors. Because all phase information is lost

17
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incoherent detectors.
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region is not uniquely related to the
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surrcunding that region.
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called the mutual coherence function
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veniently included in this function.
is only through the time difference T

H time and we may then write
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in the time averaging process, they belong to the general class of

P £ Since the observable is intensity I not field ¢ it is desirable
to formulate imaging directly in terms of the former rather than the

latter. However, this is not possible because the intensity in any

intensity on the boundaries

It is poscible to introduce a new function
19,20

P(r'l’ _1_._2) tl) tz),

(11.5)

(11.6a)

(11.6b)

and for which the propagation problem is unique. Moreover, because T

js in the form of a correlation, the statistics of the field are con-

If the temporal dependence of T

t) -ty I' is stationary in

(11.73

Iyo(m)

0 NETRZ 0 O A AT I 2
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The equations of motion for Plz(r) are well knownlg, we merely repeat

them here
2
2o -4 22 RLA
1712 7 T2
(11.8)
2
1 ¥t

2
szlz(‘t} - 22- T =0 .

Solutions for Iy, may be found by the standard techniques.

Because acoustic fields are a mechanical phenomena, electro-
mechanical processes are required for their detection, and acoustic
observables may have properties quite different from the intensity
observable of light. The most common acoustic detectors operate
through the phenomena of piezoelectricity (quartz or any other crystal
lacking a center of symmetry) or ferroelectricity (barium titanate,
etc.;. We shall not enter into a detailed discussion of these mech-

anisms here but merely point out that with either phenomena is as-

sociated the generation of an electric potential linearly related to

the incident acoustic stress or strain21. Provided the detector is

suitably terminated, the frequency of acoustic oscillations is so low
that the potential across the crystal will follow the instantaneous

acoustic field. Accordingly, for acoustic fields the fundamental

observable is

D(zr,t) « ¥(r,t) . (11.9)

Response law (I1.9) belongs to the class of coherent detectors

and is especially important because many other response laws can be

19
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electronically synthesized from it. Among others we distinguish the

square law deteclor, Equation (II.3), and the correlaticn detactor

D(z,t) « ¥(r,t) %,S(L,t) (11.10)

where ikt denotes time correlation according to the prescription given

in Appendix B, S{r,t) is a "reference' against which the signal is com-

i

pared, and Y(r,t) is assumed to be of finite duration. A special case

of (I1.10) is the time-matched filter’? for which
' D(r,t) = ¥(r,t) Ak ¥(r,t) . (I1.11)
Finally higher order detection processes, for example

o = (et . (11.12)

!

are possible.

g

3. TEMPORAL STRUCTURE OF WAVE FIELDS

IR I —"

- Mathematically, imaging is simply finding sclutions of the
‘ propagation problem, Section (1), for the image observables, Secticn
(2). Since instantanecus amplitude is observable in acoustic imaging,

: a formal analysis directly in terms of field rather than mutual coher-

ence is valid. In view of the linearity of Equation {II.1l), the
imaging process can be formulated as a superposition using appropriate
Green's functions. To see how the superposition should be accomplished

we must consider the temporal structure of the fields.

20
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Wave fields are either polychroratic or quasi-monochromatic;
purely monochromatic fields are impossible. For quasi-monochromatic

radiation the temporai spectrum y{r,v} is confined to a narrow fre-

%

:

.

qusncy range Av about a central lire v such that Av<<v, and may be g

2

written %

4

- 3

v(r,v) = £(x,v)* 6(v-3) (11.13) 3

£ where 3
£(r,v) = O for jv-3| >av/2 (11.14)

e
2t It

§ is the Dirac delta ftmction23

, and . denotes time correlation ac-
cording to the prescription given in Appendix B. Acoustic fields with :

sufficient spectral purity to satisfy the quasi-monochromatic approxi-

3
=
-

mation are easily generated; indeed, spectral purities exceeding 1 part

L4

in 106 are comion. Unless otherwise noted, the quasi-monochromatic -

approximation is hereafter assumed valid.

Applying relation (B.7) for the inverse Fourier Transform of a
convolution yields

| V(@ = Emue (11.15)
the analytic signal representation for quasi-monochromatic fields.

It is a simple matter to show that £(r,t), a function varying slowly

] with time, oheys the relation

A van

v (r,t) + Ke(r,0) = 0 (11.16)

2 R
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where K = 13’%)3 . It is then clear that quasi-monochromatic fields
can be treateg as purely monochromatic if the temporal variation of £
is srall during some time interval t characteristic of the specific
problem to which (II.16) is applied. The time dependice of g can
then be omitted in Equation (I1.16) and the result recognized #s the

Helmholtz equation
Ve + Kem =0 (11.17)

long familiar as the equation of propagation for purely monochromatic
radiation.

Now the only time spans of significance in imaging are those
required for an optical disturbance to propagate over the possible
optical paths from object to image. Calling the maximum optical path
length L, the characteristic time interval for imaging precblems is no

greater than

. (11.18)

~
n
(o} ]l

We then require that the time t' for ¢ ro undergo significant change

be restricted so that
L
t
= (11.19)

An approximate value for t' can be obtained by considering ¥ as

consisting of wave trains of duration t'. Then

22
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g = Const lt] < v/2
(11.20)
=0 t] > /2 .

Taking the Fourier Transform of (11.20} gives

~ N sin nvt

§(x,v) = =0 (11.21)
sc that

1
' = v - {11.22)

Therefore. in order to treat the fields as purely monochromatic we

demand

or L << E-:- ] (11.23)

Ko}

Av <<

For example, if the radiation is a 1 Miz acoustic signal with spectral

6 then L is approximately 1500 meters in water.

purity of 1 part in 10
The foregoing has been concerned only with detemmining the proper
wave equation. To camplete the discussion requires additioral comment
on the statistical behavior of the field, in particular on the coupara-
tive time evolution of the field at two arbitrary points r;, and 1, in
space. The parameter which measures this is the two point temporal

cross correlation or mutual coherence function le('(} previously

defined, or a related quanti*y, the complex degre2 of coherence le(‘t}

which is nommalized so that

o e e TIT. e T - - E—
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0 <& h’lz(r)l L1 . (11.24)

By definition

Ty,(0)
vy, () = —22 : (11.25)

1/2
[F), (0T, (0)]

If the two points r, and r, are allowed to contract to a single

point in space ylz(r } becomes the normalized autocorreiation yu(z) of

the field at that voint; autocorrelation is a measure of the temporal
coherence properties of the field. 1If the time evolution of the phase
of the field is perfectly linear and deterministic then the time

structure of the field is correlated for all time differences t and

lyy; (1 =1 . (11.26)

We then speak of a temporally coherent field. This condition can
exist only if the field is purely monochromatic. For quasi-
monochromatic fieids the autocorrelation vanishes beyond some interval

T. called the coherence time; for guasi-monochromatic fields

]
[

vy (01 T << T

(11.27)

=0 T>1 :
we ideatify 1' with t o
Temporal coherence plays an imporiant role in interference

phenomena, particularly those involving the self-interference of

24
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optical beams. For exampie, the speckled images characteristic of
coherently illuminated objects occur when the scattered illumination
interfers witb the incident illumination. This can happen as long as

the optical path length difference AL satisfies

b << & | (11.28)
Av

Since path length differences rather than absolute path lengths are
involved in (I1.28) the latter is less restrictive than the condition
for validity of the Helmholtz equation. Thus, we usually assume that
quasi-monochromatic radiation is temporally coherent.

The other limiting form for the compiex degree of coherence is
of more importance in imaging. If the time difference 7 is allowed to

vanish, le(T) beccmes the normalized mutual intensity YIZ(O); mutual

intensity is a measure of the spatial coherence nroperties of the field.

If the time evolutions of the phase of the field at two points in space
are in unison then the time structure of the field at the two points is

correlated and

v, =1, a7 andr, . (11.29)

We then speak of spatially coherent fields. If the two time evolutions

are independent then the time structure of the field at the two points

is uncorrelated and

@l =0,z #r, . (11.30)

We then speak of spatially incoherent fields.

25
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It is physically impossible to obtain a field which is either
entirely coherent or entirely incoherent. The former obtains only for
purely moriochromatic fields. For quasi-monechromatic radiation
Skixmer17 has demonstrated that an arbitrarily parrow pewer spectrum
does not guarantee spatial cohercnce anywhere, a somewha® surprising
result in view of the van Cittert-Zernike meore:n24. Conversely,

Beran and Parrent;2

5 have shown that any fieid for which 712(0) =0
everywhere does 1ot propagate, hence cannot exist except possibly as
rapidly decaying evanescent waves. Hence, for all quasi-mcuocchromatic
fields there will be some region over which spatial coherence will

obtain. Thus, in general

i}
o

(I1.31)

[}
[==]

Izl >

where the condition a > 1 is necessary in order that the field raaiate.
if the fieid is spatially coherent a >> 1; if spatially incoherent,

oexl.
4, WAVE THEORY OF IMAGING

Although neither completely coherent nor campletely incoherent
fields are physically realizable, there are many situations of practical
importance in which the fields are approximately coherent or approxi-
mately incoherent over the spatial region of interest. We now study

the influence of the field statistics upon imaping processes for these
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limiting cases. The motivaticn for this investigation arises = a
need tc maximize acoustic image quality.

Accustic imaging is beset with 2 =ultitede of iimiteticms of
practical origin, most being attributed o the relsiively lomg wave-
length of zccustic radiacion. The Tesult is acoestic images of infe-
rior quaiity, often barely discermsbie. Kawevex, siote the Hsdzmental

scoustic zbservable is instantznecus fi=ld zplinmeis rarher then field

intens.ty, acoustic i=aging is not limited © gy éstecticn pro-

cesses as is light imaging. Other processes may b2 syathesized
electronically. We wish to deterzine if irpge cu2lity ray be Inprorsd
over that which caa be cbtained with ensrgy detsctica.

Cn the basis of Equation {11.17) the form=ticm of zm izege with
quasi-monochramatic radiaticn can be given 35 2 spetizi sgperrosinaen

of fields. To wit, see Figere II.Z

where 51(_{1,:} is the izmage fieid =pliuzse, ie{:,,t} is the chiect
field =plitide, and ‘3(132593 is the QGreen’s fimction for the mgins

process; i.e., the field aplitede at izmsge coordinete 1, iIn imsgs

-=
piane I resclting from 2 point souree & object coordinat In in ooyt
plane 0. For sizplicity assume thar the imege fomstis, procsss is

staticnary in spetial coormingies; i.e.,

Sepr) ~ Sty - (.55
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Then

p 2 ~
) = [ Gt (1139
0
which is valid for isoplanatic image formation.
To proceed further requires .hat the process be stated in terms

of image observables. For light the observable is

@ = @t @YY = 1) (11.35)

Substituting from (II.34) and commuting the spatial integration with

the time average yields

&) = f f 6xy5)6 (y18) CoolzgrDVoglegst) drgdlny -
° (11.36)

At this point the statistical nature of the optical field must be
introduced. We distinguish two cases. If the light is spatially in-
coherent the time evolutions of the fields Eo(zo,t) and EOQgé,t) are

statistically independent and

ColzgrtIEgEet) = 655y <€0(zo,t)58(zo,t)> . (I1.37)

Then

29
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() = GEpgEpt) -

f / G(zl-zo)d*(_r,_fzé)é(zo-zé) <€0(£0,t)€;(}_‘0,t)> dzrodzré
0

) fIG(zl-zo)|2<€0(zo,t)52(zo,t)>d2ro . (11.38)
0

Equation (II.38) may be written in the compact form
(@ = I * lsm1® (11.39)

the isoplanatic imaging law for incoherent optical fields when the
image observable in the output of a square law detector. C{learly, in
this case the image formation process is linear in intensity. By
erploying suitable electronics, acoustic imaging systems may be
devised which also obey Equation (I1I1.39).

If the field is spatially coherent, the time evolutions of
EO(}_'O,t) and Eg(r' ,t) are identical except possibly for a uniform trans-
lation T(r) in time. To describe this synchronization it is convenient
to reference all fields to some standard Es(t) which represents the
characteristic structure of the time evolution and which is normalized

so that

b3
&g =1 . (11.40)
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Then
go(_r{)’t) = EO(IO)gS[t+T(Z'O)] (1I1.41)
Eo@ht) = EEREGItE' Y] (11.42)

where F,O(go) and 50(36) are real constants representing the

"magnitudes' of the fields. To find the 50(1) multiply the appropriate
defining equation by its complex conjugate, time average the resulting
product, and recognize that infinite time averages are invariant under

time translations, thereby obtaining

£z = V ColgDeEglget)) (11.43;

@) =V ot a1.40)

The correlation between fields then becomes

bl iyt =V Colin e o DV et

. (11.45)
- Clerlzglggle @D

By suitable change of variables we obtain

* 1 * $
&l lggltnpD = Egmigve)-t)]>  (I1.46)

Edwards and Parrent26 have shown that the normalized autocorrelation of

a coherent quasi-monochromatic function may be written

31
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Q(z,t)g*(z,tﬂ)) = lZmT (11.47)

Thus

b6t =V Gl it v Golrprti s t) -

i2nft(ry) -1(xy)]
. e1 e IO) T(ZO) . (17.48)

Substituting (II.48) into (II.35) we obtain for coberent imaging

r~

-2nit(r
1 = | fotrzy Y Gl ¢ P

L O
[ 2rit(r})

: f G*(El-z(‘,)\/ <€0(£5,t)£;(55.t2> e 0 dzr(') .
° (11.49)

Note that II(_r_I) has been separated into independent I and g(') integra-
tions. Thus

~2mit(r,)
Iy = fG(EI’Io)JQEo(Io’t)52> e Uk .

4] (11.50)

Defining an equivalent time independent complex field amplitude as

v =V Jewn P> D (11.51)

Equation (II.50) may be written in the compact form

L@ = ool (11.52)

et o+ e s e st - —————
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the isoplanatic imaging law for coherent optical fields when the image
observable is the output of a square lew detector. Clearly, in this
case the image formation process is nonlinear in intensity; in fact,
image intensity is not even directly related to cbject intensity,
rather to a complicated functional of the complex valued amplitude.

By employing suitable electronics, acoustic imaging systems may be

devised which also obsy Equation (II.52).
5. RESOLUTION AND FIELD STATISTICS

We now compare the characteristics of coherent (II.52) and in-
coherent (II.39) imaging. When the radiation is light there are many
ways to make the comparison, depending upcn the application, and it
is not possible to fonmulate a generai statement classifying one type
of illumination as always "better' than the other. However, when the

radiation is acoustic there is no doubt concerning t... choice of

criteria by which image quality is to be judged. Restricted apperture

size, long wavelengths, and coarse detector resolution severely limit

the resolution of acoustic imaging systems. Clearly then, the problem

of maximizing the degree to which details of the object structure are

resolved as distinct and similar details in the image structure must be

considered of prime importance in acoustic imaging. Thus, it is ap-
propriate to examine here the relation between resolution and field
statistics.

To compare the resolution of ccherent and incoherent imaging
systems begin by taking the Spatial Feourier transfomms of Equations

(I1.39) and (I1.52) {see Appendix A). From the former

s e s
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I;(8) = I5(s)[G(s)*G (s)] (11.53)
and from the latter

1,09 = W8] » Tyt ©1 . (11.54)

The physical interpretation of Equation (II.53) is clear. If the
radiation is incohevent, each spectral component fo(_s_) of the cbject
becundary intensity has a corresponding spectral counterpart iI(g) in
the image intensity except for multiplication by the complex factor

-~ ~% ~ ~
G{s)*G (s) = H(s); H(s) is called the spatial frequency transfer

function,

The zero-frequency spectral component TI(O) represents an
intensity uniformly distributed in space, and requires special con-
sideration. Since II(E) is non-negative, EI(O) > 0 unless II(;_) =0
everywhere, a trivial case. Thus, there will always be a background
intensity TI(O) distributed uniformly over any image formed with
incoherent radiation. It is convenient to normalize each spectral

component of the image intensity to this background. Defining

I.(s) " I.(s) . = . 0 “
1= - i), 2= =i, S8 -5, HE - Gy ansn
00 o O &0 H(0)

we obtain the normalized form of (IY.53)

s n ~ ~k a A
Ii(s) = 15{3){6(s)+G (8] = LH(H(3) . (11.56)
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The normalized component fI(§) is the ratio of intensity component
31(5) to the uniform background intensity iI(O); accordingly, ﬁ(g) is

called the contrast transfer function.

Equation (II.56) can be used tu determine the resolution limit

for incoherent images. Clearly, unlimited resolution demands

fi(s) > 0

for alls . (I1.57;
G(s) >0

If, in addition, the image is toc be aberration-free the constraint

G(s) = constant (11.58)

is also required. Of course, no system with these characteristics has
ever been derised. The first condition can never be realized because
object details separated by less than a wavelength do not excite pro-
pagating waves. It is unlikely that the second condition will hold
over more than a small angle about the axis of the imaging system
(paraxial approximation) because of path length differences. More

realistically, we assume that for reasonably good imaging

~ s S, \
G(s) = n(%—) = g"—) 1 A (11.59)
>m WX / Smy
where

nxy =1 [x] <1

(I1.60)
=0 x| >1 .
35
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Then

R s { s
fi(s) = A (-5“)=A ")A(y> , (11.61)
s s o 25y
where
AXY =1 - Jxj Jxj <1
{11.62)
=0 Ix] >1 .

These idealized forms for §(§_) and ﬁ(g_) are shown for positive spatial
frequencies in Figure I1.3. We see that all spatial frequency com-
ponents of the cbject boundary iatensity lving below s = Zsm are re-
solved in the image although the contrast near the limit Zsm will be
very poor and the image barely discernible against the uniform back-
ground.

The physical interpretations of Equation (I1.54) is nct as simple
as the interpretation of Equation (IX.53). Whereas incoherent imaging
is linear ir: imtensity, coherent imaging is ncnlinear in intensity.
Consider an cbject boun’ary field b‘o containing spatial frequency
Components up te s = s, The spatial frequency spectrum ﬁoﬁg) may then

be written

Uy(s) = U3(s) n(;“-_—a) (11.63)

where ﬁé represents the "strength" of each component. Since the zero
freguency spectral component I}O{ 0) may vanish, Equation (II.54) camnot

be normzlized in a meaningful way. Assuming again the ideal form
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G(s) = G(O)T (%-) , (11.64)
—m

Equation (1I.54) mey be rewritten as

3
I I P i { :.t* T S } ~ 2
(11.63)
[ . [
= t i §*_ 1 A3 .é_ <

Reiations (11.65) indicate that for spatially coherent fields
the image intensity may contain spatial frequency cooponents up to
250 when Sa > 5o and up to Zsm when Sy < So- towever, those izage
corponents in the range s > So in the first casc and s > sgi‘z the
second case do not arise fro= object components lying within corrsspongd-
ing ranges of the object spectrum, hence do not represent rescluticn
of object spectra above S in the first case, zbove sgi»n the second
case. The spuricus image spectra is si=ply a manifestation of the
interference which ocaurs as the coherent field propagates from object
to image. Thus, the coherent imaging law {11.53) is interpreted®
mean that all spatial frequency ccmponents of the chject boundary field
lying below s = s, are resolved in the image.

Compzring the form of G(s) with the form of ﬁ(ﬁ} it is evident
that the contrast of conerent images is greater than that of in-
coherent images. However, because of the interferencemencmena
aliuded to above coherent images suffer from edge ringing, edge dis-
placement, specklingn, etc., effects which are not present in in-

coherent images.
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{1 the basis of the preceding zmeiysis it is sometimes clames
that the resolution of chject detail through 2 well-corrected imaging
systex operating with incoheremt redizticn is tuice the resoluticn of
chject detail through the s systenm cpersting with coherent radia-
ticn. However, this statezsnt tegives quelificszics. Yore properly,

if an ootical system operzting with cohevent vadiatien vesolves spatiaz

e oot o= . . R .
freqerry couponents of the ohject bowmdary fieid i HEns TS
then the szze systam opersting with imccherent tadiaticn wiil rassive

freguency oooponents of the chject baumdary Intensicy less them

-

s = 25 . Therefcre, in order thot resoluticn: be dSeterminesd in 2 ness-
= »

iroful woy we mrsst distinguish betwesn fine struchaoe of ths odisce
iregful W= ing 3
bamdary surfece C(r), fine siructure of the correspending object

-

bazdary fieid ﬁG{E}, ad fine strocthwre of the correspaeding ohject
bmdary intensity 3!3@{-: . Iam zost prectics} siumticss the three
zzy be considered essentially idemtical. However. when operating umder
diffracticm lizsited comaiticns the distinciicm is Inporiamt.

Assme, for simpiicity, 2 plansr test object {3rizg in the xy
plane} comstructed such that some physical property Pix,y) of e
chbject material, for ex=mple the blackening oI 2 pbotogramhic emisiom,
varies cver the odject swizce in 3 coe-dinensicnzl cosimesoisal

pettern. ITESS,
P{x,5) = ®{x} =cos 215 ¥+ 3 (1.8

xere Sy is the spatial freguency of the oosirmspidal variasticm =xd B

is the woerturded {Guiscent) siate of P. Assune furither timt Wit P

may be associzted stme gptical characteristic of the material =xh -t
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when the object is uniformly illuminated, the resulting boundary field
UO(x,y) at the object surface will be proportional to P. Typically,
for small variations of P about the nominal. the boimdary field will

assume one of the following characteristic forms. Either

Uo(x,y) = 2 + COs Znsx; (11.67)
or

Uyx,y) = |cos Zﬂsxxl (11.68)
or

Uo(x,y) = cos Znsxx . (11.069)

Forms (II.67) and (II.68) represent objects which do not introduce
phase variations into the field (non-phase objects), fcr exarple when
the object is & photographic transparency or a thin me..l plate. Fom
(II.69) represents objects which do introduce phase variations intec the
field (phase objectsj, for example a suitably designed phase grating.
In many instances the rbject will be of type (II.67). Certainly, this
is true of the acoustic targe.s used in the experiments detailed in

Chapter V.

If the boundary field is given by (I1.67) then the boundary

intensity Io(x) is

40
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IO(x) = [IUO(X)I]Z = (2+cos Znsxx)z =
(11.70)

9 . 1
v 4 cos Znsxx + 7 COs 4nsxx

Thus, if the physical boundary has a spatial frequency component Sy
the intensity at the boundary will have an additional component st.

However, this spatial harmonic will be only 1/8 the amplitude of the

fundamental component, hence can be neglected in detemmining resolution.

Therefore, for non-phase objects of the type (I1.67) the spectral cam-
positions of object, object field, and object intensity are substan-
tially the same and to resolve one is to resolve the others.

If the boundary field is given by either (II.68) or (I1.69) then

the boundary intensity is
I,(x) = 3 (I+ cos dns.%) . (11.71)

Again for non-phase objects the spectral composition of intensity and
field are the same. In contrast, for phuse objects the intensity
contains tne first spatial harmonic st plus the usual uniform back-
ground, where»s the field contains only the fundamental spatial fre-
quency s . Thus the resolution of phase objects is different from the
resolution of non-phase objects, and any statement comparing coherent
and incoherent resolution must include this fact.

In acoustic imaging we shall have cccasion to consider orders of
the field higler than n = 2. In partvicular, consider Ué. 1f the
boundary field is given by (I11.67) then

41
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[u (X)] = ZZZ + 38 cos 2ms. x +

(11.72)

7— cos 4vs X + 2 cos 6ns X + %-cos §us X

If the boundary field is given by either (II.68) or (II.69) then

[Uo(x)]4 = %- -% cos 4wsxx +<% cos 8ms & (11.73)

Again, phase objects are characterized by a predominance of higher
order hammonics in the spatial frequency spectrum of Ug whereas for
non-phase objects the fundamental is still predominate. These results
are campiled in Table II.1.

We can now compare coherent and incoherent resolution directly
in tems of the object boundary itself. If the phase of the field
does not vary acrnsc the object boundary surface (non-phase object)
then, a: we have shown, the spectral compositions of object, object
field, and object intensity are substantialily the same and incoherent
resolution is indezed twice that of coherent resolution. Conversly, if
the phase of the field is not constant across the object boundary
surface, (phase object) then the predominate spectral component of the
object intensity occurs at twice the spatial frequency of the object
field. In this case incoherent resolution of object detail is ne
greater than that cof coherent resolution of object detail. These
results are compiled in Table 1I.2. Note however, that resolution with
coherent radiation is never greater than St whereas resclution with
incoherent radistion is .:.ever less than Spe For this reason incoherent

radiation may be of corsiderable utility in acoustic imagirg.
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TABLE II.1
Predominate Spatial Frequency Component
. * *\ 2
Object UO UOUO (UOUO)
cos 21rsx Sy Sy st st
|cos Znsxl 2s, 2s, 2s, 2s,
2 + Cos Znsx Sy sx sx sx
TABLE 11.2
Maximum Resolvable Object Spatial Frequency Component
n=2 n=4
Coherent Incoherent Coherent Incoherent
cos 21rsx Sn S Sh Zsm
|cos Zas_| s,/ 2 Sy s/2 2s,
2 + cos Znsx Sm Zsm S 4sm

6. ACOUSTIC IMAGING WITH TOURTH ORDER LDETECTORS

As we have stated, the fundamental observable for acoustic radia-
tion is instantaneous field amplitude; other cbservables may be syn-
thesized electronically. An analysis of acoustic imaging based upon
field intensity as the synthesized observable has just been completed.

We now consider another observable
v = reo®y . (12.74)

Interest in 4th order detection for imaging follows from the

analysis of the preceding section wherein it was demonstrated that
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resolution with spatially incoherent radiation is often greater than
witn spatially coherent radiation. Mathematically, improved resolution
arises from the convolu:ion G(s) # G () occurring in the spatial fre-
quency transfer function. The convolution occurs because the field is
spatially incoherent and because the image observable is intensity.
Thus, one is naturally led to consider imaging with higher orders of
the field, say the 4th order. We now inquire into the optical
properties, particularly resolution of an imaging system when the
observable is <[‘¥(I_,t)]4> racher than <[‘P(£,t)]>.

First, the time average of the 4th power of the field must be

calculated. To do this recall that for quasi-monochramatic radiation
¥(x,t) = Re [E(r,t)e?™ Y . (11.75)

Thus

2miyt * -27ipt
‘P(z,t) - E(x,t)e + € (r,t)e . (11.76)

2

Substituting (1I.76) into <[‘?(_1_'_,t)]4> , expanding, and supressing the
r and t dependence of £{r,t) yields

48ut “8“
Qe - <lv> < it

7/
£ E- X Y. T
<1 3¢ 14“\> +Q{g %e 1““‘> (11.77)
3 2,%2

* \'8'g §> .
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Now consider the first term (II.77). Expressing the time depend-

ence of £ in terms of temporal Fourier transforms and commiting time

P
uditeigoiss i kisn ol it tiagaissiniaiisteintssdusspigs Logsonguons | ISR
A e Maavtaache toldee

. ; and frequency integrations we obtain
g
B 4 i8my e . .
i /5—9—;—> | [ f [ [ Eopieptopiey
11 \ 16 T
1 - (11.78;
i 2ri{v +u,tu,+y 44Vt
1 A2 T3 A =
T f e dt dvldvzdvsdv4
. -T
k1 Carrying cut the time integration gives
;4 iSﬁV}c\ ~ - -~ -~ -~ -
A jfff E(oE (v E(vE(Y,)
16 Toreo 1 2 3 4
3 - (11.79)
: sin 2n(v,+v +v +v, +4v)T
1.2 3 4 dvldvzdvsdv4 .
2n(vl+vz+v3+v4+4_\_;)'r
For quasi-monochromatic radiation (II.79) is readily evaluated.
sin 217(v1+v2+v.,+v4+4_\1)'1‘
As T becomes large > becomes an ncreasingly
21:(v1+v2+v3+v4+4_\3)T
F narrow spike centered at v, +v,+vo+v,+4v = C. Further, recall that for
quasi-monochromatic radiation
£(vi > 0 [v] < av
(11.80)
=0 [vi > av
3 and &¥ << 1.
‘ v
k|
B
'
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Hence, in the limit of time averages cver duratiors 2T leng compared
with the mean period 1/v of the radiatica, nc combination of the vy
exists for which both the siax/x lemm and all E(ui) are simultaneously

nion-zero. Therefore,

4 i3mvt
<€—‘313-—>= o . (I1.81)

s

Similar rzsults obtain for the second, third, and fourth terms in
{I1.77) leaving as the final expression for the fourth order acoustic

image cbservable
A * 2 N
EEod-3 EolE o) -t . ane
In passing note that by applying similar techniques we may show

o =3 Eovd @y (11.83)

long familiar as the expression for the intensity of purely mono-

chromatic radiation, and

<{‘¥(z,t)]2n+l> =0, (11.34)

demonstrating thet time-averzged odd order acoustic image observables
are not possible.
Sbstituting (11.82) into {I1.34) and, as before, invoking

camutability of time and spate integrations obtain
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D,z - f f f f 6(r, 106 (11,6, TG ()
0

(T ) (T, 1) * 242 42 32
<€Oi~_r_1 ) %o (22 1) ';0(23 »t) E"O(-I-'-IZ » t)> d I‘ld rzd 1'3(3‘1‘4 .

(11.85)

To proceed further the statistical properties of the optical field
must be intreduced. The situation for 4th order detection is more
cooplex than for Znd order detection because of the need in the former
to consider 4th oxder as well as 2nd order time averages. In general,
the two will not be related; i.e., <§o(£;_’t)":;(E.zrt)ag(ﬁs’t)gg(ﬂvt»
is not related to @o(gl,t}ié(g_z,tb » and images formed according to
(11.85) will provide additional information about the cbject region,
hopefully in the fore of greater resclution of object detail.

If the field is spatially incoherent then when the T, are widely
separated the time evolutions of the corresponding E,(zj,t) are statis-
tically indeperdent and the fourth order time average may be decomposed

into products cof secorl order time averages thus

* £ 3 .
£ ir =z { 4 K .
g o= | )t)> <sgv.£i 1 )‘\'J(I_J et)>
(11.86}

ol 5Tt

<30(zi,t}£t(z§,t)seigk,:}

Or any peipuitation of (11.86). Beran and ParrentZ:’ have shosn that

for any radiating field

£
ooz 0050 (x; T > 0 gzl <
111.87)
={ !rz'rji > ad ’
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meaning that as the separation between two finld points becomes less
than ai{a>l) the corresponding time evolutionc for radiating fields

*
rust become correlated. The time average <:(£i,t)€ (_z;j,t)> may be

written in many different ‘orms. For converience we assume

et _ . AN 5550
Gl 05yt = (gl 010 (1—:;1-) . (11.88)

quations {11.86) and (11.88) are suitable expressions for the
4th order time average cnly when at least ore of the I is widely
separated from the other three. When 211 the r. iie within same small
distance 8A of each other (Bfus,8>1,2>1) it mist then be assumed that

the decomposition {11.86) is no longer valid. In this case we take

Golry (T, D8 (5 DEY (s> =

(17.89)
1 SN A S SN TN ¢
<550(_r_ SIS (“2 11)3(* 3 ll)ﬁ =4 ”) i
’ 81 8A a1

Thus, it is necessary to write the 4th order time average in different
forms depending upon whether the field poiits are separated or
clastered tog-ther.

Using Equations (II1.86}, (I1.88), and (11.89), Equstion (11.85)

becomes
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Usually € varies siowly cver distances a) or 8k in the object

plane. Then
3 2
{

= 22,4 ‘Clr.-r.3 121 (r. )d>
D.{r,) = 257z j ;C(_T_I Io)i IO\r a ro +
.0

4
2 4. 2 s
by a4 f §G(£I'50)} <§£0§_ge,t} 32> der +
a (11.91)

EritTen sure coopactly

\
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t
e
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OO-‘
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VY,
Vit
(L]
L

b{m

e (muy 1Pos (11.82)

.g.
~
[31]
vy
0
@:

the isopiscatic imsging lax for spatially incoherent accustic fields
when the issage cbservable is the cutput of a 4th l=w detector. If
ﬁoi}_’e:! is statisticslly independeat of EQ{:&} then an izszge formed
according 1o {11.92) may oxhibir better resolution of chiject bamdary
detail then ome formed according to {11.38).

in order o satisfy sizmliil.mecusly conditions {§1.88) and (31.8%)
it is necessary that th» mocuius as weil as the thase of the field

zmplitude be random fimkctions of time. To ses this write

(‘,g
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(1) = a0 let¥E0) (1L.23)

-

where, in gemeral, the modulus {g{r,tj] =xd

Uﬁ};
&
Y
'?.'1“
2
1‘3
i
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cally independent rendee fumctions of tize. Then

3 186{r.,0)-${r.,}} z
/{ { 3 = irfy. 1+ Bat 3? ) ’-"._}’ 71 :
\;\r;’t)g \I'.,a.; A XTI 2 B

and 1t is clear that a spatially inccherent f3eld in the semse {II.85)

czn be synthesized sizply by sasuring .

* ez, 0-3(r,L 0N

i e TS g {1188}

3 ~ -
shich is possible 3f 3{r,t} is 2 suitahly rendom fisxiion of 4ime.

-1
é T detection provide séciticnal informatics wr demmand thet the

Brles and phese of the field be statisticaily indecendeonm? 7mdmm
st yame AE 3
LRSS €3 Cane.

Fields of this type zre cziled {luchmiing fields. Fluchmtins

fields zmay be synthesized by smioying large ai7Tars suitediy &riven o
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Dy(s) = 2n’a’r® ‘[lG(r)l HRE _)] c(glzﬁo@} +

n2&4)\4

ELMEENR) [6)1% {5tz 012

(11.96)

e ey« e e
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As before the higher spatizl frequency components of the first and
second temms in (I1.96) do not represent increased resolution of the
object. However, the third term presents interesting posibilities.
With no loss of generality assume G(s) = G(-s). Then

P i g
16) 1% = G(s) » G(s) * G(s) # G(s) - (11.57)

Computation of the four-fold convolution yields

3
P g s
|G(_1;)[4 = (—E’- s o X 2s 52> .

3°mx” 2 mX~ X
53 - 25m < Sx’sy < 25m
16 3, 2
. i - 2
("‘5’ Smy Smysy>
3 (11.98)
X

. [32.33 202 .
= (— S 6 + Zsmsx+ 8smxsx)

2 < lsxl,lsy!< ds

3
L (32 3 %, 2
<ﬂ§ Smyﬁ--% 29W5y+ o my v)

which is plotted normalized in Figure II.3. Note that the spatial
/\_,/4
spectrum of |G(r)|" extends over a range four times broader than that

of é(g) .
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Referring to Table II.1 it is apparent that for non-phase objects,
spatial frequency S the predcminant spatial frequency camponent in
L é(g_) is also Sgs although spatial harmonics through the third order
will be present as well. Maximization of object resolution does not
require the total spatial spectrum of Ué be imaged, unly the spectmm
of the object boundary itself. Therefore, if the cbject boundary com-
ponent s, in Ug is transferred to the image and is not lost in the back-
ground noise then the co-responding object boundary detail will be
resolved. Thus, in principle the resolution of any optical system
operating with 4th law detectors and spatially inccherent fluctuating
fields may be greater than the same system operating with coherent
radiation.

i s T4 . . :

Since only the |G(r}| temm in Equation (I1.92) provides useful
imaging it is desiruble to eliminate the other two. In principle this
may be accomplished simply by subtraction. Even so, the |G(r)|" tem
cannot be tco small or 21se it will be buried in the noise. An ap-
proximate worst case evaluaiion of the relative size of .he terms can
be found by comparing contributions to the uniform background.
Straightforward calculation gives the ratio of contributions tc the

uniform background from the first and third terms of (II.98) as

approximately
~— -~ TNy l
anéa’y ‘{lswlz 1,91 * [l6@1° 10(§)]h 6

, 1s=0 78

- — 2 4

236516 {lc(gf“ Dg‘ 18y%

‘ <=0 (11.99)
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where s__ =s__ = 1/yA, vy > 1. It should be possible to a~range the

X my
field statistics {a and 8) so that {I1.99) is ot the order 1()'1 wl
for typical y's. It may be that the desired z2ffect will be tco small
to be readily applicable to real time imaging systems. However, 4th
order detection could be useful for seismic investigations, such as
fault location, where real time imaging is of little vaiue.

In order to urderstand physiczily why resciution of object
boundary detail shotld Gepend upon field statistics we must distinguish
between resolution and total quantity of information transferred from

The two are not necessarily the same27.

object space to image space.
The general imaging process involve: informatien transfer from an
object tc some optical representation of that cbject via a field which
is not cumpletely detctministic. The information is transmitted as
spatial variations of the nodulus and phase of the cptical field
amplitude; and is received, in the case of real time visible imaging,
by some device which senses only time averages of various functions of
the optical field. Because of the time averaging characteristic of the
receiver the phase infcrmation will be lost, except for those situa-
tions outlined in the following paragraph, and camplete reconstruction
of the object scene is impossible. However, resolution of a boundary
detail in the detected optical image requires merely that some intensity
pattern in the image can be isolated and uniquely asscciated with a
corresponding boundary detail of the object. In principle, the phase
of the field is of no consequence except to enhance contrast, in the
case of spatially coherent fields. Thus, resolution dces not require

the entire information carried by the optical field.

&
=4
=
E
=
£
=
Z
z
Y
H
=
2
=
=
=
£
H
£
=
=
=
&
=
=S
3
£=
=
£
=
=
=
=
=
£
=
2
=
=3
=
=
=
E
=
=
=
=
=
E
=
=
E3
£
£
&
=
=
=
=
£
=
=
£
S
£
£
=
&
=
il
Z
=
=
&=
=
=3
iz
B
E
=
&
£
=
=
=
=
=
=
=z
=
=
sl
=
=
&=
=
&
=3

g

i

54

(i

{




IR AR T

Y pHOMI TN 8 Viaj AOF § e, Dot OIS et

P e

wl @

TP Oy ¢ a fap fg

P

ke gy

P

iy

ﬂmﬁ!3’}’!mil’lﬂﬁ!!iﬁlimmmmmnmemw e m—

e s e =

-~~~

Tor conveni~nce we have classified optical fields into wie

rather broad categories tased upon idealized statistical properties;
spatiaily ccherent and spatially inccherent ficlds, clearly special

~ zes of ¢ & ~uye o - - ~) partially coherent field. These categories
are useful because of tieir markedly different bohavior under tize
averaging. Either class of field centains phase and amplitude infor-
mation. However, becausz of the long response time of the datection
process all phase information will be averaged cut umless interference
situations {such as heclography) can be arranged. Interference with
coherent radiation is easily arranged; interference with incscherent
radiation entails considerable difficulty>0’%%. Nevertheless, since
resolution does not require phase information we cammot conclude that
the rescluticn of incoherent systems should be less than of coherent
systems.

The question remains, why can incoherent resolution be greater
than coherent resolution? The answer is that whereas the thase and
amplitude relation between object pcints cokerently illuminated is
independent of time, the phase and amplitude r=lation between points
incoherently iiluminated is a random function of time and position.
Thus, for incoherent radiation the detector output is a camposite cr
ensemble over meny of the possible illuminated configurations of the
object and we may expect that time averaging will provide additional
information, possibly in the form of enhanced spatial resolution of
object detail. For coherent radiation spatial ccherence severely

restricts the number of iliuminated configurations contained in any

time average; hence no new information is obtained. Clearly, the
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averaging tire mst be long cocompared with the m2an time betwsea randees
flucturtions of the field paraseters or else the detected inCoherent
field will appear as if it were a coherent field., ¥e expect thot there
is 2 relation between resoiution and averaging time for any specified
statistical bebs ior of the field. This relation could be of use in
acoustic imaging.

7. TWO POINT RESOLLTION

The rescluticn comparismms given in Secticns S and 6 are mathe-
matical concepts based upon iraasfor=ation of an cbject spatial fre-
quency spectyum into an image spetial frequency spectriss. Resoluticn
was compared strictly in terms of che cutoff frequency of the transfer
function without regard for its shiye. Although in principle the eye
should be able to resolve to the 1imst of the transfer function, be-
cause of noise and because of the physziological processes involved in
vision there is no guarantee that this will ever be possible. Thus a
more appropriate test of an optical system is based upon the ability of
the eye to resolve object detail in the iiage. It is obvious that
contrast, hence the shape of the transfer .unction, must piay an im-
portant role in detemmining visual perceptiocn of an image. However,
since visual perception is a subjective concept it is not amenable to
precise calculation. The best we can do is construct mathematical
models waich approximate the process by which the eye recognizes object
detail as being distirnct.

One such criteria is the Sparrow two point vesolution conditionso.

Consider two idealized point sources symmetrically disposed about the
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origin along the x' axis and sepavrated by distance Za. By the Sparrow

<siteTion, the images of two such points will be coasidered distinct
(iesclved) when the separaticn 2a beteeen cbject points is such that
2

371;(7) ;
%

271 =0 . {11.100)

a’—

x=0
He first apply (1I.31G0) to sguare law detection of Inccherent
radiaticn. For sisplicity ceasider line saurces perallel to the y!

axis rather tham peint scurces. Then we have

1,00 = (66517 » 1500

{11.101)
Iolx') = 6(x"-a) + d{x*'+a)

and desire that separation for which

%
321

1
el
x”

~
Z
-

|
=12 I6(x-x") |2 I( ')dx']l
2 iGOe-x") ™ Iy(x l

0 ‘x=0

x=0

(11.102)
I

Ez(x-x’)

32 G 2

= X'X' 1 3

f ——L—(—-J-L Io(x )dx
0

x=0

Calculation of (II.115) is facilitated by using the identity

£(x) = i@/ (I1.103)

whence after some manipulation
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Substituring
fi(s) = (115—:) 5 (1%) s {..:f) ® (1-5-3 {31.105)

into (I1.104) yields tke fcllowing conditicn upon the spacing of in-
caiierent line scurces if they are to be resolved by sgqare lawr detec-

tors according to the Sparrow criterion;
= o 2 2 e ® - .
{5-8%x"a"s)cos ~’o=asa + é’r.:as:al sin 4¥as_ =3 . {11.106)

It is relatively sigple to find a mmerical sclution to (11.1986). ¥We

obtain the minimum spacing for Sparrow resolution as

.415 .83 2.61 -
25 = = = = . {11.167)
Sm 25!2! a(?.sm}

If the radiation is ccherent then

1, = Gy = 612,

(11.108)
I}D(x') = §(x'-a) + 6(x'+a) .
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assu=ing S(s) = é(-s}. Substituting

G(s} = 'z(—i)
sm

into (11.109) yields the following cordlizion upon the spacing of

{11.110}

coherent line sources if thiey are te be resolved by square law

detectors according tc the Sparrow criterion;

4as_a cos 2is a + [(Zzsma)z-Z} sin Zﬁsma =0 . (1
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The minimem specing for Sparrow ressiuticn is then

L5 _  £.15

. = it
83 = : = ?53; - 332.333

For 4th order detection of fimcte=ting inccherent redizticn

.{*3 4

-~ o

-
-y

5.{x) = Ee{x} Y

oup

E}a{x‘) = &{x*-3} + &{x"+2}

and the Sparrox resoluticr oonditicn then beommes
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{11.115)

3 -t<s<9Q
—% —23- =2 - tsz) CG<sc<t
R
vaere t = Zs,._i2 inte (11.114) yields the following condition upon the
spacing of inccherent, fluctuating line scuxces if they are to be

resolved by 4th order detectors according to the Sparrow criterion;
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8. REALTZABILITY

a. Averaging Time
A few comments of practical import are in order. A fluc-
tuating field will exhibit properties characteristic of spatial inco-
herence only if the detector averages over times 2T much longer than

the mean time At between fluctuations of the field. For a signal of

bandwidth Av

2T >> At = (11.118)

2

Conversely, real time imaging demands that a <ertain minimum number N

of frames be formed per unit time. Thus

T <& or v >N (11.119)
For acoustic imaging at the standard television frame rate (N = 30
frames/sec) the required bandwidth is Av >> 30 Hz, probably Av = 300 Hz
is sufficient. However, for this bandwidth the monochromatic length is

reduced (5 meters for v = 1 MHz) hence the validity of the mono-

chromatic assumption must be reexamined for imaging over long ranges.

b. Space Bandwidth Theorem

D PSR TS 0 50

In the preceeding analysis image quality was presumed
limited only by the Green's function for transformation of wave fields

from object space into image space. Resolution and size of the

N

detector was assumed not to affect image quality. Such systems are

termed diffraction limited. We now consider the constraints which must
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be imposed upon the detector in order that the system may properly be
considered as diffraction limited. This is of particular importance in
acoustic imaging because the wavelength/aperture ratio is large.

The constraint is known as the space bandwidth theorem, a

statement of the conservation of che space bandwidth product (SBP).

The SBP of any optical field or functional of the field is simply the
product of its maximum spatial extent and maximum spatial frequency in
any plane of interest. Clearly, the SBP characteristic of any detector
must be related to the SBP of the optical fields which are to be

detected.

The conservation of SBP between detected field and detector
is simply a consequence of the scaling properties of Fourier Transform

pairs; i.e., if
A(X) = A(s) (11.120)

then
Aax) = %K(:}) . (11.121)

If A extends only over a spatial range |x| < Xy ani A only over a
spatial frequency range |s| < s, then the SBP of A(x) is x s . If the
detector extends over a spatial range |x| < X4 and can resolve over
spatial frequency range |s| < S4 then, in principle, if xdsd'g;xmsm
the field can be accommodated to the detector by use of an ideal

magnifier,
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Btk 'y
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Heretofore, it was assumed that the optical system was
space-invariant. However, in order to calculate the field of view of
any instrument; it is obvious that a space-invariant formulaticn is not
useful since such assumptions imply unrestricted field of view. Thus
we must refornulate certain parts of the preceding theory to account
for the finite field of view of the instrument, In general for a

space-variant optical system

2
= (
ey = f Sapityad’ny (11.122)
0
For each position Iy G(Iq’Ib) may be written as a function or I Iy
see Figure II.4 , but this functional dependence will vary with Iy

We denote this cendition be written

as the Green's function for a space-variant optical system.

In all practical situations, especially in acoustic imag-
ing, the Green's function will vary continuously across the object,
becoming less symmetrical in r;-r, near the extremes of the field of
view. Restricting attention to those systems which have been stepped
down so that the Green's function does not vary across the ficld of

view then

by
G(rpIpiry) = 6(x;-rh <—'%> (11.124)
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where Ye denotes the edge of the field of view. Substituting (II.124)

into (II.12Z) gives for the image

gy = f 6(z,z _0){ ( )soc }1 (11.125)

0

vhich is in the same form as the uniimited field of view case except

that the original object field & (1'0) must be replaced with an equiva-
lent space limited object field t

)
i.i? Eo(zo)] :

The relations for incoherent imaging then become

- 2 i
II(I'_) = |e@)| *[u (i—;) Io(E)] (11.126)
and

n . sin 2ns_T sin 2ns_r

i = A [focg)* ( Zﬂsxx f") < 2ﬁsy>' fy)} . (11.127)

For coherent imaging

2
1, = G(;}*[n (i) uo(g] (11.128)
and
. - |- sin 2ns 1. \ [sin 2ns rfz\)'
II(§-) = 16 Uf.)(i)"t 27s 2ms, *
i X y /4]
(11.129)
~% S sin 27s Tey sin Zﬁs r
G () U(_S_)*( X \ < fx)
] 0 21rsx / ]
Consider first incoherent imaging. The Green's function is
such that
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(11.130)
=0 otherwise

For conventional lenses rg is the spot size. From {1I1.126) it is then
clear that the image intensity extends over an area (rgxﬂ'fx) (r gy+rfy)
in the image plane. From (II.127) it follows that the maximum spatial

frequency component in the image intensity is Zsm since

As) = (zf:“ ) . (I11.131)

Thus, the space bandwidth product of the image intensity is

SBP = 45mxsm" gx rfx) (r y) (11.132)

and in order that the image be diffraction limited the detector area

XY and resolution S » and Sy must be such that
AN
XYSxSy 2 4smxs my(rg)c+rf x) (rgyé'rfy) . (11.133)
For coherent imaging similar considerations lead to

XYSXSY_.ZS s (rgx fx)(rgy fv) (11.134)

as the condition upcn the detector in order that the imaging be

diffraction limited.

To reduce that space bandwidth expressions further requires
that the type of imcging system be known. For example, for a well
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corrected lens of large aperture rg «<re and to good approximation

(I1.134) reduces to

XYSxSy 2 ZSmxS myr fxrfy (I1.135)

ALY AR O

z

On the other hand, this assumption may not be valid for holographic
systems, particularly acoustic systens, hc ce the full expression

(11.134) must be retained. In Chapter IV the space bandwidth theorem

appropriate for acoustic holograms is discussed.
3. IMAGING WITH NONLINEAR ANTENNAS

In the preceeding we have considered imaging systems in which the

it

field scattered from an object scene is imaged by passing through a

T
fuhi

suitable focusing aperture. An alternative scheme is to collect the

atl 2% DOt

field scattered from the object scene by a highly directional antenna,

scanning the object scene with this antenna to map out the object scene.
Varicus configurations have been devised for producing a narrow antennz

receiving pattern. Of special interest in this connection are the non-
20,53

RV L

Uit

linear antennas, in particular the Covington-Drane antenna

Because instantaneous pressure amplitude can be an acoustic observable

the Covington-Drane antenna is readily adapted to acoustic imaging.
Consider two receiving antennas, not necessarily identical, which

respond to instantanecus field amptlitude. The complex instantaneous

£

voltage output E for the two antennzs may be written

0 W o S G e T T B e A A v

: ) ,

N E) 2t -fi(z@,t)Gl,z(gl,zo)d Ty (11.136)
£ 0
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under the same assumptions of temporal behavior as before. The antenna
patterns Gl,Z are measured with respect to a common ccordinate system
and f,’o is the object boundary field distribution.

If the instantaneous outputs of the two antennas are multiplied
ardl a long time average is taken of the resulting instantaneous product

we obtain, assuming spatial stationarity,

él(ll't)gz(lptb= / Ko(zo,t)eg(;g,tb-
0

(1I1.1537)

2

x ' 2 1
G I TG Iy Il Tl 7o

As we have already shown if the fields are illuminated with spatially

incoherent radiation then
* 1 t
<’=o(f 60 (0, ) = 8(z7T) Tp(xg) (11.138)
and we may write for the ccmbined antenna outputs

@l(zl,t}E;(EI,t)>= /IO(EO)GI(XI-IO)G;(EI-EO)erO . (11.139)
0

Taking the Spatial Fourier Transform of (II1.139) we cbtain

N

<El(£1,t)E;(_{I,t)> = 1,(9) [E;l(ijaé‘;@] (17.140)
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For convenience degine an equivalent spatial frequency transfer

functicen H12(§) for the composite system as

Hp,(8) = 6()4Gy(s) - (11.141)

Then it is clear that (I1.140) is of the same form as (11.53), the
corresponding relation for conventional incoherent imaging with square
law detectors, except that whereas é(§) is an autoconvolution ﬁ12(§) is
a crossconvolution. This is an important distinction because one has
considerably more latitude in the choice of forms for crossconvolutions
than for auto convolutions. For example, the Covington-Drane antenna
consists of a twc element interferometer and a uniform array of equal
iength placed end to end. If a uniform array as large as the
combination has a response

C(s) = (s/s) (11.142)

then the response of the Covington-Drane system can be shown to be

Hyp(s) = Hyp(s)/Hy,(0) = TCs/25) (11.143)

which is plotted in Figure (I1.3).

Many other responses can be synthesized by proper choice of Gy
and Gz. The important point here is to ncte that since amplitude is an
acoustic observable, the use of incoherent acoustic radiation allows
one to cascade responses in a way which provides considerable

flexibility in the conposite system response. The cascading is scme-
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what different than usually found in linear or optical systems because




ki Lt Lt

I R

TR T TRTeTF T

o

id

£
E
£
E
£
=
£
%
E

it is in parallel rather than series. It may prove fruitful to apply

this concept to imaging with more conventional devices such as lenses.

10.  SIAMARY

The most serious barrier to useful acoustic imaging is the need
for physically enormous apertures. It is difficult to secure acoustic
detectors and focusing elements in the large sizes required for these
apertures. Moreover, the ideal acoustic detector siaould be in a fomm
analogous te photographic film. Such detectors have not yet been
developed. Thus, maximizing image quality and resolution for 2 given
aperture size is of primary importance in the design of acoustic
imaging systems.

In this chapter we have considered the effect of field statistics
and detector characteristics upon image resolution and contrast.
Considerations of this type are particularly important because the
choice of field statistics and concomitant detection process is the first
step in the design of an imaging system. (Until the advent of the
laser there was usualiy no choice for optical systems.) We have shown
that for acoustic imaging there may be advantage to spatially incoherent
fields over :.cherent fields if diffraction limited performance for

&
acoustic lenses and mirrors can be achieved. Until experirmental

investigation of incoherent accustic imeging systems is carried cut it

* It remains to he determined whether achieving diffraction
limited performance is primarily a design or primarly a
fabrication problen.
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is premature to conclude that holography is the "hest" technique for
acoustic imaging. It may be that hybrid systems combining con-
ventional focusing devices such as lenses with hclographic techniques

(for example the stereoscopic meti od of McCrickerd and Georgeb) are

optimum.
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wavelengths greater than 1.5 mm; i.e., approximately 3 x 103 longer

than visible wavelengths.

The significance of the restriction tc relatively long wave-
lengths for acoustic imaging. is that, in .nany situations of practical
importance, the wavelength carnot be assumed small with respect to
characteristic dimensions (such as the standard deviation of surface
irregularities) of the object surface texture. Thus, most objects must
be considered acoustically "smootl’' even though they are visually
"rough." This relation is the cause of an effect known tc illumination
engineers and commercial photographers as 'high-lighting" and has pro-
found influence upon the quality of acoustic images. When viewed by
acoustic imagirg wost objects will appear as diffracted highlights
rather than extended figures.

All object surfactes may be classified according to the fclliowing
characteristic forms:

1. smcoth (curved or planar)

2. multifaceted

3. rough.

Description of the surface texture as either rough or smooth is a con-
venient categorization of the texture microstructure relative to the
wavelength of illumination under which the surface is viewed. However,
when referring specifically to the concomitant reflecting properties of
a given surface texture it is more customary to speak of either
"diffuse' or 'specular" reflection, the former to be associated somehow

with rough surfaces, the latter witn smooth surfaces.
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3. THE CURVED, SMOOTH SURFACE

The degree to which an object wiil be highiighted depends on the
reflecting properties of the object surface, and the spatial and tempo-
ral structure of the illumination. A simple example will serve to
demonstrate the severity of highlighting in acoustic imaging. Consider
the problem of viewing through a small aperture (width 2a centered at
the origin y, z = 0) a specularly reflecting cylindrical surface (radius
r centered at y = 0, 2 = d) illuminated by a monochromatic plane wave
traveling in the z direction. An elementary analysis assuming geomet-
rical optics will show that the extremal rays which pass through the
aperture emaniate from a very small patch (highlight) on the object.

Referring to Figure III.1, one finds the following relation for

the extremal rays.

-r=-asin¢ -dcos ¢ +
(111.1)

cos ¢ a2+d2+r2-2ar sin ¢-2dr cos ¢ ,

which is valid providing r >> A. Assuming the paraxial approximations

sin ¢ =$, cos px1l,d> a (111.2)
we obtain
s=2 3 , (1I1.3)
75
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which is also the ratio of apparerit diameter 2ra to actual diameter 2r.
Note that the highlight ratio is independent of object curvature, simply
a consequence of the geometry. Equation (II1.3) is accurate to within

- 20% even when d = a. It is also a simple matter to snow that the

power density P received fiom a highlight is

(111.4)

rZ
P x
o

as expected.
It is apparent from (III.3) that the highlight ratio will be very

small unless the aperture is enormous. In Chapter V we present the

results of an experiment which dramatically iliustrates the severity of

iy T, PR "
U L R T Tl L e st ey

highlighting in acoustic imaging and verifies Equation (III.3).

] % The problem imposed by highlighting may be considered from a

§ § different point of view. In principle, even though objects appear as

: highlights, object size can nevertheless be determined approximately

2 : from highlight size provided range d is known; range can be determined
: by range gating or by using the focusing characteristics of holograms

] or lenses. For example, such techniques might be useful for measuring
size distributions of a species of fish. However, the range over which
2 such techniques are effective is severely reduced due to highlighting.

: According to the Rayleigh theory the angular resolutiocn of an

apperture of width 2a is

% é ¢ ='L{§& . (111.5)
% e e e e e e et
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Thus, beyond a distance d!,

d' = a '/_{T , (111.6)

it will not be possible to determine object diameters less than r by

spatial measurements and it will be necessary to resort to intensity
measurements (Equation II1.4). Conversely, if the entire object disk

were visible the ccrresponding maximum distance of resclution would be

a=-22 (I11.7)
and
]
%—— = % /.?n . (I11.8)

From (I1I.8) it is clear that the effective spatial resolution of high-

lighted objects is much less than the Rayleigh limit.
4. THE PLANAR,SMOOTH SURFACE

From the preceding discussion it is clear that satisfactory acous-
tic imaging of curved surfaces is difficult to obtain. As we shall now
show planar objects present somewhat different although equally diffi-
cult imaging problems. Whereas at least to first order, the hignlight-
ing of a curved surface is independent of its transverse position rela-
tive to the axis of aperture. the transverse position of 2 pianar object
ig critical. Consider the situation depicted in Figure III.2 showing a

planar object (width 2b) parailel to hut offset f from an aperture
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(width 2a) and illuminated with a mcnochromatic plane wave traveling in
the z direction. if £ + b < a then the entire extended cbject will be
imaged. If £ - b > a then only the field diffracted by the object edges
will intercept the aperture, hence the object will appear as an outline
rather than a solid; i.e., the image looks like the gradient of the
cbiect.

This can be seen analytically. From Appendix C the field reflec-
ted by the cbject in the plane of the imaging aperture can be written

B =S)  iky. ik (x)d
Ea(ya)=f gO(Z-rr‘) a Tz

7= e e dx (111.9)

-

where

)
K=k - i (I11.10)

and EO is the Fourier Transform of the field in the object plane. If

b >> % then it is permissible to take

2
k =k-3 - (111.11)
and (111.9) beccmes
» (K i%z‘ d
L )
£,0,) = lkdf RAVIT I d . (1IL12)

Expanding the exponential yields
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£,0,) = e“‘d[so(ya> e Ey_-’-'q b+ } (111.13)

where C is a constant. Thus, the oniy contributions to the image of an
offset planar object come from the space varying parts of the object;

i.e., the edges.
S. MULTIFACETED AND RCUGH SURFACES

The multifaceted surface is a random distribution of curved
facets disposed about some smooth median surface. For example, the
barnacle encrusted hull of a ship might appear to be multifaceted for
long acoustic wavelengths. An acoustic image of such a surface will be
a collection of highlights, one for each facet. As one recedes from a
multifaceted surface the highlights will tend to merge into a solid

form. As

ar

1~ H
(111.14)

o .g;xd ’
vhere 1 is the average spacing between facets, the multifaceted

surface becomes a rough surface.
6. ILLUMINATION

Of course highlighting would present considerably less problem
if diffuse acoustic illumination sources were available. Unfortunately,
typical acoustic transducers tend to be point or collimated sources

rather than diffuse sources. In visible optics such common sources of
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illumination as light bulbs tend to be point sources. Hawever, there
is usually enough background diffused illumination to avoid serious
highlight problems.

Mne is thus led to ask whether there is sufficient acoustic back-
ground in the sea tc render a similar function for undersea acoustic
jmaging. Figure II1.3 shows measurcments of average acoustic back-
ground noise in the sea as a function of frequen 32. The &wo non-
biological curves represent upper and lower bounds for roise due to
mechanical sources such as wave motion, rain, thermal z2gitation, etc.
Noise due to biological or man-made sources is considerably stronger
and is typically found in the range indicated near the top of the
figure.

The dashed line dividing the figure is the threshold level for
piezoelectric detection of 2coustic radiation; this threshold is of
significance because piezoelectric arrays will probably play an
jmportaznt part in any future undersea acoustic imzging worku.
Piezoelectric detectors are attractive hecause of the very low
threshold and because these devices can withstand the large hydro-
static pressures which exist even at moderate depths.

1t appears {rom these preliminary data that noise due to
mechanical scurces will not be useful but that the noise due to
biological sources warrants further investigation. For example, the
acoustic noise azbove shrimp beds is quite large and animals such as
the dolphin are known to be the scurce of considerable sonic activity.
Simple man-made acoustic scurces might include patterns of small

explosive charges or perhaps streams of resonant air bubbles.
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In general, the problem of securing sufficiently diffuse
illumination appears most tractable if incchers«t rather than ccherent
acoustic radiatiom is used for illuminaticn. First, altsough it is
possible to cbtain diffuse illuminaticn fro= coherent sources, the
design and fabrication of the necessary diffusers and extended coherent
scurces for acoustic radiation present considerable difficulty. On
the other hand, as explained above it may be relatively sizpis to
obtain extended, incoherent scurces froam which diffuse acoustic

illunination can be generated. Second, of necessity incoherent

radiation must diffuse as it propazatesﬂ.

7. ACCUGSTIC ATTENUATION IN WATER

Neglecting boundary effects due to the ocean bottom and surface,
the primary scurce of accustic attemation in water is viscous losses
and inhomogeneities such as sediment and air bubbles. For pure sea
water the relation between less and frequency is shown in Figure I11.4
for various levels of salinityss. On the basis of this data it is
concluded that long rage accustic imaging cf underwater objects will
be restricted to frequencies no greater than 1 Miz; i.e., to
attenuation less than .5 db/m in pure sea water.

In addition te the intrinsic absorption of water cne must also
consider the effect of dispersion of foreign material in the water.
Such dispersions can significantly alter the attemuation and spatial
frequency transfer functicn of the water medium. For example, resonant
air bubbles may have an effective scattering cross section several
orders of magnitude larger than geometrical diameter. Thus, even a

relatively tenucus dispersion of microbubbles, such as might exist in
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the wake of a ship many hours after passage, could significantly

degrade the quality of acoustic images.
8. SUMMARY

We have shown that highlighting will be a difficult, perhaps
impossible problem to overcome in undersea acoustic imaging. It
appears that approaches to the problem in terms of incoherent acoustic
illumiration are the most promising. On the basis of attenuation
undersea acoustic imag.ng will probably be limited to frequencies less

than 1 Mz, hence to resolutions exceeding 1.5 mm.
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CHAPTER IV %%
s i §
1. INTRODUCTION §
o 7; In Chapter II we presented a general formulation of scalar imag- %
; t? ing emphasizing acoustic applications. In Chapter 1II we presented g
:%’ig certain of the special problems which arise when acoustic fields are %
,;g used to image objects immersed in a liquid medium such as the sea. In %
i;% this chapter we turn to a specific imaging technique applicable to §
‘% acoustic imaging, a two step process invented by Dennis Gabor and called é
g wave front reconstruction, the hologramf process or, more usually, §
% holography. We will concentrate on a formulation of the wavefront re- .
i construction process valid for large diffraction angles and including
{% features peculiar to the acoustic case.
: It is not intended that this be an exhaustive account of holo-
graphy; only those features of immediate application to acoustic imag-
ing are considered. For compact presentations of the entire range of
"f ' holographic rescarch the reader is referred especially to an article by

Leith and Upatnieks28 and a book by DeVelis and Reynoldsgd. Additional
reference to the current research will be cited in the text as appro-
priate.
Holographic imaging is basically a simple process and the
rudiments are, by now, familiar to most. An arrangement typical of ,

those for recording holograms with light is shown in Figure IV.1.

x Hologram was coined by Professor Gator from the Greek work HOLOS
meaning whole or entire. It is appropriate since a hologram
records both amplitude and phase of wave fields.
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H flologram plate
(black denotes
developed)
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Figure IV.1. Typical Arrangement for Wavefront Reconstruction
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Briefly, a hologram is recorded by adding the field scattered from a
coherently illuminated three dimensional object scene to another
coherent field (the reference) and allowing their sum, a complicated
standing wave or interference pattern, to expose a photographic
emitsion. Lenses are not required. A single spatially coherent source
provides both reference and object illumination so that the two will
interfere. Usually, the reference is planar or spherical, but there
are situations in which it is diffuse or may even be part of the object
scene. The transparency (called the hologram) which appears upon
development of the exposed emulsion contains a mapping of the object-
reference interference pattern. A complete record of the object field
amplitude and phase is stored in this pattern.

Three dimensional images which are faithful replicas of the
original object scene are obtained from the hologram by illuminating it
with a duplicate of the reference. Usually two images of the object
scene will be formed; one real, the other virtual. The virtual image
corresponds to exact replication of the original object field, hence
the term wavefront reconstruction, and is viewed by locking through
the hologram as if it were a window. The real image may be cbserved as
an object suspended in mid-space between cbserver and hologram or it
can be projected directly onto a viewing screen.

Although light was assumed for purposes of illustration, the

procedures cutlined above are applicable to non-visible optical fields

as well, for example, to acoustic or microwave fields. Strict preserva-

tion of the analogy would demand that acoustic holograms reconstruct

acoustic fields, microwave holograms reconstruct microwave fields,
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etc.ss. However, hclograms of invisible fields which reconstruct

geometrically similar visible fields are more useful, therefore
discussion is restricted to holograms of this type. For example, by

acoustic holography we shall mean visualization of acoustic fields by

converting object-reference acoustic interference patterns iato

geometrically similar photographic transparencies which, in turn,

serve as holograms to reconstruct visible fields geometrically similar

AN

to the original acoustic fields. In this way we ‘'see' acoustically by

holography.

The motivation for holography in acoustics is not the same as in
visible optics. In visible optics the need is to reccord information
of a three-dimensional nature on a two-dimensional photographic
emulsion in a form suitable for easy recovery whenever desired. In
this applicaticn holography is not a real time imaging process; lenses,
photoelectric devices, and the eye adequately serve that purpose.

Conversely, in acoustics the need is for real time imaging using
accustic fields as the "illumination' but with the resulting acoustic
images somehow rendered visible so that we may ''see' in otherwise
opaque media. Simple imaging devices such as lenses of adequate

quality are not readily available. More serious, as yet there are no

practical acoustic sensitive materials which are analogous to the

RS AT

retina. Holography attains viability in acoustics as an imaging tech-

LS R

nique which dees not require lenses, hence at least eliminates the first
stumbling block. Moreover, in certain limited applications real time

acoustic imeging by holography has been demonstratedés.
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2. THE HOLOGRAM EIGENVALUE EQUATION

The remarkable effects attributed to holography are well kngun,
probably the most dramatic being the generation of virtual images of
diffusely reflecting or diffusely illuminated three dimensional scenes
from two dimensional photographic transparencies. Upon viewing these
images with the unaided :yc one observes what appear to be the
original scenes in total three dimensional detail ircluding fore-
shortening, parailax, and depth of focus as well as the stereoscopic
sense of depth. Holographically generated scenes are thus
indistinguishable from original scenes.

This phenomena is explained in the following manner. The holo-
graphic scene cannot be distinguished from the original scene because
the hologram, when properly illuminated, diffracts an exact duplicate,
both in amplitude and phase, of the complex wave field scattered from
the original scene. We may say that the hologram process (recording,
developing, reconstruction, etc.) operates on a field in such a way as
to recreate this field at another time and place.

This relation admits of a simple mathematical representation
which, because of its elegance, has appeal. Denoting the fieid
originally diffracted from the scene by @0(I,t) and the process
wherein the hologram P(r) is recorded by an operator Hl{g,t) which
operates upon v, holographic recording of a field may then be repre-

sented as
Hi(r,th4(r,t) = P(») (Iv.1)
the first step in holographic imaging.
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Hy represents some general time averaging process of the form (I1.2)
by which the holographic record is formed. We shall assume it reduces
to a time average of the form (II.3).

Similarly, denoting the reconstruction prscess, whatever it may
entail, by an operator Hz(g_,tz) acting on the hologram P(r) we nay

write for the second step in holographic imaging
Hz(!_’tz)P(_Ij = wI (E:tz) (Iv.2)

where wl(g,tz) is the field diffracted by the hologranm.
Combining Hl and #, and defining the hologram operator H(_r;,tl ,tz)

J(E’t' ’tz) Hl (E’tl) HZ (E) tz) (IV¢ 3)
we obtain for the entire holographic imaging process

(T, by, 00 (0 t)) = Uty . (1v.4)
For perfect reconstruction

Yp(r,t) = hoy(r,ty) (1v.5)

where h is a complex constant. Thus for perfect reconstruction (IV.4)

becomes

B = hy . (1v.6)
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Note that the coordinate system is fixed with respect to the hologram

because reconstruction should not depend on translations of the holo-
gram after recording.

Condition (IV.S) is, in a certain sense, unduly restrictive since
the field ¢ is usually not directly observable. When only functionals
D of the field are observable then as long as the origiral and recon-
structed observables are identical the reconstruction will appear to be
perfect. In this case (IV.5) may be replaced with the less stringent

condition
DI(_E,tZ) = h'DO(;c_,tl) . (Iv.7)

Equation (IV.6) is immediately recognized as a form occurring
frequently in mathematical representations of physical processes, for

example, in quantum mechanic:s36

. For a given operator H(_x;,tl,tz) only
certain functions ¥ n cl(_1_'_,1:), the eigenfunctions, will satisfy this equa-
tion and only for special corresponding values hn of h, the eigenvalues.
In general, to each eigenvalue correspond several eigenfunctions, the
number being the degeneracy dn of the eigenvalue hn’ The eigenvalues
may be descrete, continuous over a range, or a cambination of the two.
Equations (IV.6) and (IV.7) may be regarded as describing a

general two step process in which information is permanently recorded
at time t;, not necessarily in recognizable form, to be recovered later
at time t, in original form. Unless S(E’tlrtz} has specizl properties,
an arbitrary field will not bc perfectly reconstructed. Indsed, even

the best choice of H(z,tl,t-) w111 probably not guarantee perfect
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reconstruction for all possible object fields, but only some Chopefully
large) class of them.

At this point, the description of holography as embodied in
Equations (IV.6) and (IV.7) is purely phenomenological; it describes,
approximately at least, the central feature of holography but it does
not necessarily contain any essential physics of the process. Before
concluding that (IV.6) or (IV.7) has any deeper significance or
utility, the processes operating in holography must be studied in
detail in order to obtain explicit expressions for the hologram opera-
tor. Then the implications of the eigenvalue formalism and the degree
to which this formalism is valid and useful can be assessed in greater

depth.
3. UNIQUENESS OF HOLOGRAFHIC RECORDINGS

Consider the general image recording situation depicted in
Figure II.1 where the image space [ is composed of two parts, the
recording or detecting medium P (photosensitive emulsions, alkali
halide crystals, etc. for visible radiation) and the image forming
device F (lenses, prisms, the eye, etc.}). The simplest imaginable
situation weuld then be when I is composed entirely of recording
material with no auxiliary processing apparatus. FHolography is co-
herent imaging with precisely such elementary configurations of the
imaging region.

Assumec object region O is illuminated with monochromatic, spa-

2nivt

tiaily coherent radiation y(r.t) = &(rle emanating from luminous

source region L, £(r} the» obeying the Helmholtz Equation (II.17).
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Elliptic equations, such as the Helmholtz equation, have unique and
stable solutions for either Dirichlet or Neumenn boundary conditions
over closed boundarie537’38. That is, when the modulus and argument of
E(x) or %r-f,(z) is specified at all points on some boundary enclosing a
source-free region, the solution £(r) to the elliptic equation every-
where inside that boundary is unique. Referring to Fi aure IV.2, con-
sider the region M, bounded by some portion S of the surface of P, the
plane q extending frcm the extremities of S to the sphere at infinity,
and the half sphere R, at infinity. M, shall be known as the exterior
Tregion and the field EO inside this region as the exterior field £0>.
Accordingly, if S is of size sufficient to intercept all of the field
EO scattered from the object (f;o = 0 on q), and taking 50(53‘ : g, then
the boundary fields EO(_I_'S) or %1{(_1_'8) will bear unique relation to €O>.

A similar relation does not hold for the interior field €0<
inside the interior region M_ bounded by the surface S, the plane q,
and the half sphere R, at infinity beca use the source-free assumption
is violated. Physically, the lack of uniqueness for §0<is clear. In
general, there will be evanescent as well 25 propagating fields
associated with Eoc the former cannot be uniquely determined from
EO(LS). Second, only those regions of M_ which radiate toward q will
contribute to £0(3'_s).

Thus, regardless of the size of P it is necessary te partition
the scattered field EO into an interior pertion .»;0(_ and an exterior

portion &0 according to the prescription

>

£0(1) = &5 (M1 - ulr - 1g)] + &y, (Duix - 1g) (IV.8)

where
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Figure IV.2. kA General Boundary Configuration for Holographic
Imaging, Recording
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u(r - rg) = 0 I<Ig )
=1 T > . (1v.5)
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Next, suppose that exposure to radiatice £, inferes irreversibie
7

alteration of some physical property of the recording materis} insiée I,

thereby irbedding in the m2terial a permenent record of the fHeid,

3

From the arguments presented in the proceeding poragrash. if riis

Tecord retains both the ==plitude and phase of ‘:g(?. }or ﬁ-‘;;":,.}, hen

it wiil be a2 unigue and cceplete representavicn ¥ Y Sut oniy 2

A Lot

partial representaticn of :”CK
The uniqueness properties given zbove for recordsd opiica? in

formalion can be siz=rized as a statement concesrming the resciution of

optical instnu=ents. To wit, rescluticn is simply 2 coosegrenos of the
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aperture may not provide complete resolution because the fields

scattered in respcnse to these very high spatial frequencies will be

evanescent rather than propagating. Thus, there will be irreversible

atteruation of the high spatial fr ‘quency information transmitted from

object to recording surface. Depending upon the sensitivity of this

surface the information may be completely lost or, at the very least,

seversly attenuated. Because of the relatively long wavelengths

associated with acoustic radiation this effect is of considerable

importance in acoustic imaging. Other investigators have discussed the

problem of recovering high frequency details in microwave imaging, and
the partition of scattered fields into interior and exterior portions39
Even if evanescent propagation is absent the recording medium will not
respond equally to high and low spatial frequenciec, nor to large and
small field amplitude, nor to all directions of propagation. These
problems are also of import ance in acoustic holography.

A general observation on the nature ~f the reconstruction
process will facilitate proper formulation of the eigenvalue equation.
Consider the reconstruction, Figure "V.3, from the recording, Figure
IV.2. The hologram P, iilluminated by coherent source C, will in-

variably be one >f two possible types; either predominantly reflecting

or predominantly transmitting. For reflection holograms the recon-

structed fields will lie in the interior region M:, for transmission
holograms the reconstructed fields will lie in the exterior region M.
Thus both fields &0¢< and 0> will be reconstructed in the same half

space with respect to the hologram P, even though they were originally

in opposite half spaces.
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Figure IV.3. A General Boundary Configuration for Holographic
Imaging, Reconstruction from Transmission Holograms

= P Recorded hologram
- S,S! Coterminal hologram surfaces
I,'. Virtual image
IR Real image
C Illumination source
M: Interior space
: M Exterior space (all fields reconstructed
in this space)
q Partitioning plane
f RHR Half spheres at infinity
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Thus, a peculiar feature of holographic imaging becomes evident
and the necessity for partitioning the scattered object field &
according to Equetion (IV.8) is clear. Since €0< and §0> originally
propagated in opposite half spaces with respect to the hologram but are
reconstructed in the same half space, obviously the holographic process
operates on interior fields differently from exterior fields. For
example, referring to Figure IV.3 , consider that EO is everywhere
diverging; i.e., €G< and €O> are both diverging, hence represent
virtual images of object G. Exact reproduction of £O< everywhere
requires that over some surface O', geometrically similar to object O
(can be scaled in size or rotated in orientation), an exact duplicate
of the object boundary field £O<(§O) be formed. Since propagation of
the reconstructed field is clearly from left to right this formation
represents a real rather than a virtual image. Similar reasoning
applied to EO> shows that it reconstructs as a virtual image.

There are other unusual effects associated with reconstruction
of the interior field. The most obvious is pseudcscopic inversion40
of the real image when it is viewed directly rather than projected on
a screen. However, this is not a fundamental distortion of the image.
More serious is the absence of very high spatial frequency details in
the reconstructed object caused by evanescent propagation of these
details from object O to hclogram during recording and from holegram to
imsge O' during reconstruction. High spatial frequency details are
missing from the exterior fields so their absence in the reconstructed
exterior fields is not significant. OCf course, many other situations

may occur but the foregoing example is representative of the
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fundamental differences which may exist between holographic imaging of
internal and external fields, and serves to illustrate that the normal
mode formalism may only be valid for reconstruction of the exterior
field. Therefore, anticipating that, at the very least, interior
fields will require different mathematics than exterior fields, the two
are separated in the formalism.

One further comment deserves consideration. Clearly, if the
above statements are true for the surface S, they are also true for
the coterminal surface S' or any other cotermin . surface lying wholly
within the material P. Thus, a volume recdrding medium provides
redundancy in the recording of optical informacion. It has been
demonstrated that this redundancy can be used to increase image bright-
ness. For example, thick emulsicn (multilayer) holograms have a
theoretical efficiency of 100% whereas conventional thin emulsion
(diffraction grating) holograms have a maximum efficiency of only ZS%.*
A concomitant use for the redundance is to relax the constraints on the
reconstruction illumination gc, in effect making the decoding process
for thick emulsion holograms even simpler than Gabor's original

methodAl.
4. GENERAL FORM OF THE HOLOGRAM OPERA10R , I

in Section 2 a hologram was defined as a generalized optical

record which, when properly interrogated, reconstructs a visibie

* The classification of holograms as being multilayers, diffraction
gratings, or Fresnel zone plates is due to Professor Nicholas
George of Caltech.
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replica of the original optical field, hopefully at all points in space
(Equation IV.6). Geometrical scaling and reorientation of the recon-
structed field relative to the original field is acceptable and because
the final result is to be a visible field, the quality of the recon-
struction can be judged only in terms of field intensity (Equation
v.7).

The most convenient method of interrogating any ootical record
is by reiilumination of the record with visible radiation Ec(z)eZﬂiGt.
For example, the information contained in a photograph is conveyed
quite simply to the observer by visual inspection of the developed
emulsion, which requires only that the photograph be well lighted. In
this situation incoh~rent, diffuse sources are superior to all others.

Gabor7’8’9

recognized that reillumination could also be applied to
holograms, in a process he called reconstruction, and stated conditions
on the illunination required for this purpose. In contrast to con-
ventional photography the illumination must be coherent and the phase
contours must be carefully controlled. However the reconstruction is
three-dimensional.

If we demand that the interrogation process be one or reillumina-
tion then in view cf the discussion presented in Section 3 we can state
that any optical record P(r} of the holographic type must be such that
upen illumination with gc(zj a replica of the original boundary field

go(gs) is produced on the surface S of the hologram. It seems quite

likely that if
P(rg) = £4(rg) (1v.19)
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the required replication will be accomplished. More generally, the

hologram will be a weighted record, the simplest form being
*
P(rg) = £5(rgdép(xg) (Iv.11)

*
where ER is the weighting factor. If the hologram is thick then
{(IV.11) will hold throughout the volume of the developzd hologram; if
the helogram is thin (IV.11) holds in the plane of the hologram. In

the latter case the operator Hy will be of the form

B (rg) = f ( )@ (Erds (1v.12)
M
where the empty parenthesis inside the integral indicates that the
operator has meaning only when it operates on some field EO which is
placed in the parenthesis, and 63 is the three dimensior-l delta
functioﬁ.

The hologram may be considered thin whenever its thickness is
mich less than the minimum fringe spacing to be recordeddz. Although
the validity of this approximation must be carefully weighed when
dealing with visible holograms“s, it is almost certainly true for
acoustic holograms for two reasons. First, acoustic sensors used to
generate acoustic holograms are usually no mcre than one acoustic wave-
length thick. Second, the emulsion of an acoustic hologram trans-
parency is usually much thinner than the minimim fringe spacing
recorded thereon. Thus (IV.12) applies to the recording of acoustic

holograms.
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Exact calculation of the field gl(z) diffracted by a developed
thick hologram transparency P(r) illuminated by a field EC(_I_'_) is a
formidable task involving the scattering of electromagnetic radiation
from three-dimensional, semi-transparent volumes. Rigorous solution
requires a multiple order scattering theory including Bragg reflection

44

phenomena However, for thin planar hclograms, particularly those

R
with binary format gI(_I_‘_I) may be written

gylzy = j{ P(zs)sc(zs)G(zI,gsldzrs (Iv.13)
S
where according to the Rayleigh-Sommerfeld theory

ik|r;-rg|
G(r T ) = - ._1.. ...a. € =
-1’5 2r 3n !EI-ES;
(IV.14)
ik|r;-rgl -r.)en
le 178 (ik- 1 ) (51—5)“}
LR P Ir;-rgl iIrgl

and f is the unit vector normal to S pointing into the half space
containing _1;145; or according to the plane wave expansion theory (see

Appendix C)
F ik (2,-20) ke (T-Te)
G(EI,ES) = fe 271 7S e 1-5 de (Iv.15)

and k_ and « are the longitudinal and transverse wave vectors respec-
z £

tively.

* Binary formats are either completely transmitting or completely
opaque; there is no gray scale. Acoustic holcgrams tend to be of
this type although such holograms may not provide optinum image
fidelity.
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The hologram reconstruction operator H, may then be defined as

H,(ry) = f ( )‘EC(ES)G(EI’Es)ers (1v.16)
S

and the hologram operator H = B8, becames

* -
B(zp) = / f ( )ik(zo)ec(zs)G(_{I,zs)63(50-15)d°r0d2r5 (1v.17)
M S

so that perfect wavefront reconstruction may be writtern as

N N ' 163 (s p) «
&1(xy) = &z =h f f £0{Tg) & (Tg) & (Tg) G(xy 1587 (351g)
M S
(Iv,18)
3,2
d rod rg o -
It is important to determine over what region (IV.18) is valid,

Consider a single point source test object located at Ty Then

50(_1_'_5) = Z—-:W . (Iv.19)

If a hologram of this test object is illuminated by a field with

e " time dependence then in the hologram plane the field will be

-i\atelk'!IS'EOl

ropertional to
propertio 2,,!28-50r

which is in the same form as a

spherical wave diverging from the hologram plane into the exterior
region M, . Thus, (IV.18) can only describe reconstruction of the

exterior field £0>. Since by definition

gib’




23
-

U L L L

£olrg) = £u.(ry) = &4, (x5) (1v.20)

Equation (IV.18) is more properly written

o) = b [ [0 Gt g8 yrg wrgeg

M S (1V.21)

* %
If the factor Eofr is replaced with its camplex conjugate EOER
then upon reconstruction the field in the hologram plane will be
-ivt_Klrg Tl

2“]13'30 I which is in the same form as a

proportional to

spherical wave converging from the hologram plane to a point in the
exterior region. In this case (IV.18) describes reconstruction of the
interior field &g except that whereas the former converges tc the
point, the latter diverges from the peoint. Equation {iV.18) should

then be written

boclxp) = h [ f bo< Q) S (X" 16 T Ol 1) 8 (1 T rd g

M S
(Iv.22}

For any particular transverse plane Iy Equations (IV.21) and

(1Iv.22) are of the form

_ _ X - vl
t;(_{z) =X '[Q(_I_S}K(_I:_Iifﬁs)d rs . (IV°23)
S
Nuw in general 5(11) 7 E(_I_’S) so that {IV.23) is a Fredholm equation of

the first kind with kernel K(I-I’ES)%' In general K will depend on 2
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and zg SO (Iv.24) represents a family of equations, cne for each image

plane. Thus, {IV.23) does not appear to be a tractable formlation of

holography.
Moreover (IV.23) is incomplete. Unique reconstruction of EO(E)
in M requires not only knowledge of the boundary field &0(3'8) but the

equation of motion; i.e., k, as well, This is particularly impurtant

in acoustic holography wherein the k for recording is much smaller

A A BN

than the k for reconst:uction; only the k for reconstruction is con-

tained in (IV.23).
Nevertheless, in an important mumber of applications the two

[IEDY T (PPRC SR FOWE AR, S,

wave mmbers are the same and it is then apparent from (IV.23) that we
mst have
%
Ep(rg)e (rg) = const (Iv.24)
it is important tc investigate the significance of the reiation
(IV.24) between reference and reconstruction illumination. Expressing
the fields in terms of modulus |g! and arguement ¢ (IV.24) becomes

-igg(rg) i, (
RIS | g e

const . (1Iv.25)

'QR‘:ES) le

Clearly, if

leg(rg)| = const (IV.26)

then by chocsing E,C = ER condition (IV.24) is satisfied ideatically.
The most obvious of the forms (IV.26) is a single plane wave prcpagati
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in any direction. Another is uniform diffuse illumination character-
ized by random variation of the phase; again we must take ‘:’C = ";R'

The foregoing are special dut important situations frequently
encaintered in holography. We now consider more general reference and
reconstruction illuminatior including the so-called “ghost imaging" of

Colilier, et 314". By writing the reference aid recoastruction in

terms of general plane wave expansions one cbtains

k=x') -xg

r* - — ¥ e* W i
galrglec(rg) = [ f LA DL .
i (Iv.27)

ifk,ix)-k _k'}lz
ce 2 ET TSk

whese h‘R(’{_’ j and h’c(g are the coeplex a=mplitudes of the xth directed
plane wave components of £2 and E,C respectively. ¥Fithout loss of
generality we may take gc = 0. Changing variables acccrding to the

prescription

{Iv.28)
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Spatizl Fourier Transicr= so ‘:*Eq is relzt=E o = Spacial Rooyisr

(R1)

= 175 w2 see that {IV.18} is in the form of an Iovewse
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where £ << 1j2 oxd 22 is the bologres sizs. Efif},.am'xgze'mne—

Isted spectral distmimuticss; i.e., ic and & ate sufficiently difftse,

then (IV.30) xill venish for ail 2. In order thet the correlztica oot
vanish everyubere we mist take ¥. = . s, if 3 Siffise referexe
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recording. As mentioned in the preceding section by so doing we
uniquely specify the recorstruction problem.

To avoid confusion tiie following convention will be adopted
subsequently. Acoustic fields will be denoted A, electronic signals
will be denoted E and visible fields (1light) will be denoted V. Also
we shall adopt the plane wave expansion formalism (IV.15) for a variety
of reasons. For example, the analysis of acoustic holography must
depart from the usual small angle theory of visible optics for two
reasons. First, there are likely to be "near field" or "wide angle"
situations for which the paraxial approximations oi conventional
Fresnel and Fraunhoffer diffraction theory are invalid, the experi-
mental situations covered in Chapter V probably falling in this cate-
gory. However, conventional paraxial theories will remain useful for
calculating focal lengths since the concept of focus is meaningful only
in first order theory.

Second, in visible optics no account is taxen of the directional
srnsitivity of the molecules making up the grains of the photosensitive
emulsion since this effect is integrated cver many molecules and grains
randomly oriented. However, for the bulk of acoustic work (including
the experiments presented in Chapter V) a different situation exists

because acoustic fields are detected by piezoelectric transducers A
correct analysis of this case must include the directional character-
istics of the transducer and the sampling properties of the scanning
procedurc. The directional nature of the receiver is determined by
measuring its response to an acoustic plane wave as a function of the

aagie of incidence. Obviously, any factor which depends upon wi.e

110




number is most easily incorporated if the plane wave expansion
formalism is employed.

Finally, the most elementary holograms (holographic diffraction
gratings) are those made by the interference of two plane waves. These
elementary holograms are the basic building blucls from which more
complex holograms are constructed. Experimental study of the proper-
ties of such holograms provides the basic data for holographic

researchal. Thus, it seems natural to formulate the theory of holo-

graphy in a way which emphasizes this fact and which is related to the
most basic holographic measurements.

The acoustic fisld scattered into the holcgram plane Ig from

the object plane I is

lK s(ro-ts) ik_, (2o~ )
o gy [ o TS

(Iv.31)

In the S plane a hologram is formed by causing AO(ES) to interfere ei-
ther acoustically or electronically (see Section V.4) to form an inter-
ference pattern which is imperfectly converted into an electror .c sig-

nal by a piezoelectric detector with plane wave response D(EA)° The

desired interference signal looks ‘ike

X

(2“) (1V.32)

Iq 'y) 1K (13 _0) lk‘A(zS 0) 2
III ¢ -13 e d KA Ty
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where ITI(x) dernotes the infinite array of evenly spaced one dimen-

sional delta functions

I1(x) =}: §(x-n) (IV.33)

and KE is a conversion constant.

To produce a hologram, the field over the entire hologram
aperture must be detected and recorded, either by covering the aperture
with sensors or else by mechanically scanning one or several over the
aperture. An array involves two dimensional sampling, linear scanning
only one simensional sampling. The delta function arrays account for
the sampling procedure. Vertical scanning (y directed lines evenly
spaced d apart) was adopted for the experiments presented in Chapter V.

The interference signal (IV.32) is next converted imperfectly

into a visible transparency (the acoustic hologram) according to

P(ro) = S{xe,r1)EA (ML) En (nrt)dr (IV.34)
Is IgrIg)Ep(mrg)Epmrg)d rg
o

where S(IS’Ié) represents the point spread function (spot size) for
the optical display and KP is a conversion constant. For an ideal sys-
tem S(Is,gé) = 6{£s-£é) but this is never realized in practice. For
example, in the experiments presented in Chapter V the acoustic inter-
ference pattern in the hologram plane was displayed on a cathude ray
tube (CRT) which had a minimum spot size of 0.2 mm diameter.

The factor m accounts for a linear reduction of transverse
acoustic field dimensions by m to those of the hologram transparency.

A linear reduction is required so that the resulting hologram will focus
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inside the coherence volume of the light used for reconstruction and

within a finite sized laboratory.
The acoustic hologram (IV.34) is then illuminated with coherent

light in order to obtain a s newhat imperfect visible replica (recon-

struction) of the acoustic field AO The reconstructed replica field

VI(_I:I) in plane I is given by

ik, (r )1k,(z )
\,(r)____-/‘jfp(rs)eﬁv 117Ig) Tylzg s "v‘lzrs

(Iv.35)
Substituting (IV.34) and (IV.32) yieids
e - [ s
mrle- mrley
o (550) 11 (5 ) stegury -
(1Iv.36)

oIy ko (2572) gyt (xyg) dkpy(zpozg)

dzr d2 d r'dZde Tg
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(1v.37)
Equation {1V.36) may be rewritten as
V() = f K_ (£ T Ao (to) dz . (1V.38)

Now holography will only be useful if it is possible tc select
pairs of obiject planes such that in these planes the positional

dependence of VI and ‘\0 is geometrically similar. That is we desire
hVI(g) = Ao(r) . (1Iv.39)
Then (IV.38) becomes
2

Now (IV.38) can be reduced to (IV.40) only by selecting special

combinations of z, and 2z 245 i.e.,
g3

z; = f(zo) {Iv.41)
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where f represents a functional dependence yet to be determined. The

relation (IV.41) is known as a focusing condition. When (IV.41) is

satisfied Kmu reduces to a form satisfying (IV.40). However, even when
the focusing condition is satisfied {IV.40) may not be valid for any
field configuration AO, only certain special ones AOn' Hence (IV.49)

is more properly written

o

A = by [ (e 7h0na00 %, (V.42

-0

where hn represents the relative 'strength" of the corresponding
configuration AOn in the reconstruction.

Equation (IV.42) is immediately recognized as a homogeneous
Fredholn equation of the second kind with kernel Kmu(zl’ztp’ eigen-
functions AOn(iOO and eigenvalues hn'

Over a period of years numerous authors have contributed to the
theory of Fredholm equations. Certain of the properties of Fredholm
equations of special significance to holography are stated below with-
out pronfﬁz.

1. Corresponding to the homogeneous Fredholm equation

E(x) = f K(z,r)E(r)a’r (1v.43)

£

i

construct the inhomogeneous Fredholm equation

£(r) =¢(x) - f K(r,r")E(r)d’r (IV.44)
I
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where g(r) is arbitrary. Then either the inhomogeneous Equation
(IV.44) has a unique soluticn for any g(r), or the hor~eeneous
Equation (IV.43) has at least one n0On-trivial solution «‘;A(_I;) with
eigenvalue A.

2. Any function A(r) which can be represented as a ''source’

distribution in which K(z,r') nlays the role of a Green's function;
A(D) = f Ker,r')B(r")dr! (Iv.45)
I

where B{r') is arbitrary, can be expanded in terms of the eigen-
functions En(g) of K(r,r').

Although it is not known if solutions to (IV.42) (perfectly
reconstructed field configurations) exist in the general case, pruperty
1 suggests that such solutions should exist. The second property of
Fredholm equations indicates ths possible use of such configurations

as expansion functions.
6. APPROXIMATE SOLUTIONS TO THE EIGENVALUE EQUATION

In order to reduce the eigenvalue equation to a form which is
readily soived we must determine the focusirg condition (IV.41). This
is most easily accomplished when the fieids are paraxial. Then the kz
may be expanded in a power series and cnly the lower order terms
retzined. Although the recording of an zcoustic helogram is not
generally a paraxial problem 2 simple arguesent will show that the
reconstruction from an azcoustic hologranm is always a paraxial situation.
direction

Consider an acoustic plane wave travelling in the :‘3‘,‘
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(wave mumber kA’ transverse wuave rumber Xp where sin eA = scA/kA)
generated from a grating of spatial frequency KA/ 2n, If the grating is
reduced in size by m and then illuminated with light at normal
incidence (wave number kV = ukA) then the grating will aiffract a

plane wave in a new directicn ev given by

m<
VoA D sy (1V.46)
Typical numbers for acoustic holograms fat 1 Miz in water) are m = 30,
3 -2
= 3><10°, m/u = 10 ©. Thus, even though recording an accustic
hologram is likely to involve large angies © A the correspending

reconstructed angles &, will always be small, hence paraxial.

In the paraxial approximation

t9

/2, K {IV.47)

k:: ) .'%' .

For simplicity and without loss of generality take the origin of

coordinates to lie in the hologram plane so that g = 0. Thea the Ky

- -

integration in Equation {IV.37) becomes

iz{k, f2vz ) mrl - ral
Al ¢S 0 I _ .
-[e * Dimrg - 50)/253 {1v.48)

wher2 vwe have used the relation

pd
(=1
-]

R R R R  C  e  CHO
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e = -
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(1Iv.49)

+
o]

In the more general case the paraxial assumptions are invalid
for descriving the recording of an acoustic hologram and instead of

(IV.48) w2 must write

-3

(mr ) -ik_.z
=S —0 ZA°C ,2
f D(E,x) e "¢y
G(mzé - _O)*Q{Un_x:é - r,~’)/2:r] (1Iv.50)
where

ik .z

A0
G = . .52

Applying the paraxial procedure to the <y integration, assuming
that the expcnential factors in Km vary slowly in _gg caampared to the
display spread function S(}'_S,Eé), and assuming display spot size rnd
shape is indeperdent of position (not true for electrostatic CRT

displays unless restricted to the centsr portion) finally yields

S0’ 107 - Kag) iely/mpn]

.-O‘n

A {Epog) =

i \Isr )‘"()S x A —‘d{rs)ER(:ﬁ's,\ f!‘s) {n{- Sz)

e JPilErg - )/ -
-;e:gjz::.:rg Ieir - (kro /252, )

- . i7°¢ S M= i’ .2

. e a I‘S
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where the finite size 2X, 2Y of the hologram aperture is included in

the function H(xS/X)H(yS/Y) , and where

‘d(_z'_‘s) = S(I_s)*[III(xS/d)III(yS/d)] (1Iv.53)

is the raster function representing the composite effect of sampling
and finite display spot size.

To evaluate (IV.52) we must choose ER and VC. Usually, sources
of acoustic radiation tend to be point rather than planar sources.
Moreover, it will prove advantageous to use sphericzlly converging

wavefronts during reconstruction. Accordingly, we consiger the

special but important case wherein

- . 2
ik,z, i(k./2z)|mre - r !

Eplmrg) = Ep e AR SN TR (Iv.53)
ikz. il/22)rg - Tol®

Volrd =Vee ' Ce Wl Tk (1v.54)

V,~ is a sphericai wave with focus located at TesZch ER appears to be a

C
sphericao wave with focus loczted at TpsZp- ER zay originate frox an
actual acoustic scurce or it =3y be an electronic simulation of an
acaustic source. ({(Electronic simmlation is usually confined to plamar
references.) W%ith respect to the holegrez plane, Foczl points z < 8

represent diverging waves, focal points z > (¢ represent converging
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re v is a dus=y variable required for the comvelution operaticn.
ine guadratic phase terw appearing 3

in {(IV.53) =2y be eliminated

- a -

by taking the image plape : z; to te locatsd at

= 5 {iV.38)
_&{} - e fe ¥ . - -
@ g ‘T}“’ a} - -
BEguaticn {IV.36) is the fomm sdiich the fogcusing conditiom {1V 1) wakes
for the zpproximate calculatiom we 2re oonsidering kere. Tals
condition is quite useful boczuse the concept of fooss is reaily cmly a2
first order pherceena amyway.
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¥ith elizination of the guadratic phase miatirers

integration X becomes

£E(&,50) = const e -

-{sinc{2=X{v) - ¥ "rf.g‘e}}ﬁ‘{"‘; - .i_.l‘a’x{:&"zc‘}}-
03 e - FZS - -2
«{sinci2=Y( v‘ -k vjl::a;; 245 - Xy S &y

where

R B i T A N

- ¥
. sin =
sinc x = =5
T T XY(2: ix {z, + 2.} -ik {z.+* o}
‘-\—L‘);s- -%? -Si."? -rj & Lery -3
censt = —— = e 't Y e "V R

e = Te e IR {1¥.3%)

As X and Y become large the sine fimrticss baoome Inkreasingly
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" kVEI/zI - kv_x_‘c/zc - mkAgo/zO + .11k‘,3rr_R/zR - kAy_/z0 = 0. (1Iv.59)
- Further, if the angular response D(k,) of the detector elements is
. _: = sufficiently broad, ]2(1!_) will be nonzero only in a narrow range about
- = *
. - v = 0. Thus for sufficiently large holograms and for sufficiently
i = broad detector response I‘mu behaves approximately like a two-
% z~ =
£ £ dimensional delta function and the To integration (IV.36) can be
folis g
%= = carried out to give
£
1 ky/225) |z + ol
= £ I - =
% \I(_QI} hAO(ZoM + 0) e (1v.60)
£
g where
- f M= 1
£ m(i - zg/zp) + W/m)(zy/zo)
%‘ .- ro(u/m) (zo/20) - Tpz0/2p (V. 61)
P2 = n{l - zy/zp) + (W/m(zy/z)  ° .
] KRG k(e ¢ 20 iyl * 7).
"1
i E %
o F L /22)tE ik /2272 -ilky /2207
!B e LT e o RITR
2 Thus, from Equations (IV.56), (IV.60%, and (IV.61) we see that to
- :% first order,and provided that the assumpticrs stated above are valid,
§ * In order that the ideal detector response D(v) = § (v) be
5« B obtained the detector would have to respond equally to
: : B propagating and to evanescent waves.
i B
.;_,_g 122
s 2=
i1 =2
= P S S = = S s a .

=




L R T R e U P L LR AT i 6 o e e e S et R bkt e s et A L i e ans il B P

ALY RN M R i i i i '
A L L L T T e

the reconstructed image is a visible rz2plica of the object boundary

acoustic field but magnified laterally hy M, displaced laterally by o,
2
and magnified longitudinally by wM™. Similar expressions are obtained

* * .
if AOER is substituted for AOE'—I The relations are

U2,

z =
I mf(zo/:'..R - 1) + i,sz/zC

= -1 r
M Ty T Gy (1v.62)

_ 1plzg/zg) - rolu/m)(zg/z0)
SR zy/z) - MGl

Relations (IV.56), (IV.6l1), and (IV.62) have been obtained through
different techniques by hieier54’ss’56. To put these equations in his
form substitute 1/m for m, 1/ for u.

We now consider a special case which is of particular importance
in acoustic holngraphy because of the ability to simulate planar

references electronically. If

pFre LT (1v.63)
such that
1Y Te
— =+ const = tan SR s — <+ const = tan 9. , (1Iv.64)
20 C

where BR and ec are the angles which the wave vectors of the reference

AN o0

o .




ana reconstruction plane »av:s make with the normal to the hologram

plane, then the preceeding relations reduce to

TR )

g ) f M= 31 R (I\".65)

(rR tan BR - Cu/m tan BC) Z
m

{o
[

The + sign irdicates a real image, the - sign indicates a virtual

AU E I B R A

image. The last of relations (1V.65) is valid only for paraxial

reference and reconstruction plane waves. In the more general case

substitute sin for tan.

From (IV.65) it is clear that in this important case lateral

magnification does not depend upon the wavelength ratio, and we see

the desirability of minimizing the reduction m of the hologram

between recording and reconstruction. We also note that there is
distortion of the reconstnicted object scene because the longitudinal

= magnification is considerably different from the lateral magnification.

- For example, spherical objects will appear as oblate objects in

reconstruction. Depending upon the parameters this effect can be

g

extrene.

o PR

7. EZFFECT OF DETECTOR DIRECTIVITY

The directional characteristics of acoustic detecting elements

VAL )
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1, gresplution 3

2. f£ield of view.
“~om condition {IV.39) the effect of the fom of D(_n_cé) upcn resoluticn
1s clearly evident. As the angular spectrum DQC_A) becomes resiricted,
I}{g) becames less sharply peaked apent ¥ r Q. This, in turn, reguires

that v assume various non-zero values in (iv.59) thereby leading to a

reconstruction which is a superposition of varicus imx, »:, each at a

s slightly different lateral position. Thus, the reconstruction apg+3ts
| to be blurred.
In extreme cases this effect can lead to the appearance of
= double images. For example, in the ons-dimensicnal case if g(v) were
: a double-humped pattern, idealized as say

D(v) = H(v/a) + Nj(v - b)/a] (1v.66)

ot

where a is the width and b the separation of narrow rectangular peaks,
then a double image wculd be formed. The corresponding angular

spectnm for the detector is of the fom

0 o O A

- p ik,b
- D(x,) = a sinc(x,a} {‘1 +e ° ) s (IV.67)

a multi-phased response. Thus, one must give due regard to the
phase characteristics of the detector. In the case of piezoelectric
detectors this means desinging the structure to minimize internal
reflections.

The dependence of fieid of view upcn detector pattern is obvious

f although it carnot be obtained from the paraxial equations. Clearly,
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objects lying at angles cutside the pattern of the detection elemeats
will not be imaged. This effect is prcbably more proncunced in
holography than in conventional imaging because in the latier each
image point is formed by rays converging to the point from all angles
inside the solid angle subtended by the lens aperture ot the point
{provided the incoming radiation is diffuse). Thus, if a low f m=her
lens is used surely some portion of the accustic radiation at each
%zage point will lie within the detector angular response pattern. It
wee2d be interesting to consider to what extent holographic technigues

can be used to copensate for the detector angular response.
8. SEALE-BANDWIDTH PRODUCT FOR ACOUSTIC HOLOGRAMS

Space Landwidth products have been calculated for visible
hdlographysa. The technique is to assume that the hologram size 2X, 2Y
is always so *rrge that the mumber of Fresnel zones recorded is limited
by the £ilm resv.u%tion rather than the film size. Thus, the limit to
resolution in vis*hle holography is essentially the film, not the
ai}erture size. In this sense holography provides very great
resolution simply beoause of the extremely fine-grained emulsions
vwhich are available. For film limited holograms DeVelis and Reymolds
have calculated that the one-dimensional space bandwidth product for

coplanar reference holograms should be approximately
SBP = 1.64sm)2 (1v.68})

where Sn is the maximm spatial frequency which can be recorded by the

film and X is the film size.

In acoustic holography a different situation will often be
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encontered. Here it is quite liksly that the resolution of the Vfil™
or sa=pling procedure will be more than adaruate end that the lizit to

resolution will be simpiy the finite muber of Fresnel zomes which c¢an

[

be accomndated in a relatively small apurture. For aperture jimited
holograas the Rayleigh criterion givec 2n approxirste valus for the
resolution. Thus, for acoustic holograss

x2

SBp = m (IV. 69}

vhere % is the distance between hologram and object planes. Eguation
(IV.69) is also velid for accustic holograms in which the reference is
introduced externally and the interference ocaurs electronically in the
display rather than accusticaliy in the propegating mediwm. Of course,
if the resoluticn of the display device is a limiting factor then
{Iv.68) applies but with s " replaced with s aﬂ/m vhere s md is the
resolution limit of the display and m is the demagnification ratic.

Certain assumptions relative to establishing the contrast level
which constitutes a "resolved" fringe are implicit in Equations (IV.68)
ana (IV.69). Clearly, spatial coherence and film or display ofIF are
important in this connection. Here it has been assumed that the fields
exhibit complete spatial coherence and that the MIF is uniform up to
the cutoff s o S° that fringe contrast is either cne(resolved) or zero
(unresolved).

It is interesting tc determine the aperture size Xt for which the
resolution becomes detector or film limited. Equation (IV.68) to

(IV.69) we obtain
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F o~ 2 Fme -
}'i = J,Sall‘,} - {37,703
Taking s_ = 1/,
=3
2z,
¥ = {1IV.71
TR (Iv.74)

shich is independent of wavelength. Typicelly 1 < ¥ < 2 for accustic
imi% so for any reascmzble range the apertuye reguired for
detector lizited merforsence will be enormous, prohibitively large.
For visible hologre=ss 1 < X < 10 so filz limited performance is indeed

possible.

2, SEMARY

¥e have presented a formilation of holographic imaging in terss
of an zigenvalue egquation taking the fora of a hooogsnecus Fredholm
equation of the second kind. We give the explicit fom which the
equation assumes for acoustic holograms, including such factors as
detector divectivity, and present an analysis of the accustic eguation
under paraxial assumptions. Even in this ca2se there is ioagitudinail
distortion due to unegqual magnification of transverse coordinates
relative to longitudinal coordinates. If the paraxial assumptior is
invalid then the problem becames even more ccaplicated and in general
ail images will suffer distortion and aberration. It remains to be
seen if the general eigenvalue equation can be solved in the sense of
finding a set of object field configurations, the eigenfunctious,

which are perfectly imaged; or even to prove the existence of such

configurations.
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EXPERIVENTS IN ADOUSTIC BACDG BY BEO=RATHY

Jod

INTROERETION
#e have presented theories of scalar imaging znd holograshy
esphasizing acoustic applications. The uitimate gosl of zcoustic imsg-

ing is to cbtain, in rezl time, visible imoges of chjects imbedded in

zediz opague to 3ll but acoustic fields., ¥We now orssent sxperizsnts
dezonstrating attzinment of visible izzges of underwater chjects by
acoustic means using the tedmigues of holography. This method is
known as acoustic holegraphy.

Because of the nature of the experizments and difficulties in

periorming them, it has not been possible to inus&ate each aspect of
the theory with an appropriate experi=ent. Moreover, this research was
not intended to yield an irmediately practical iopiimentation of holo-
graphy into acoustic imaging. Rather, we hope for the more limited
goals of showing that visible images of underwater cbjects can indsed
be cbtained by acoustic holography, even with simple equipment, and of
studying various properties of acoustic holograms.

Before proceeding to a detailed description of the experiments,
we must provide a motive for acoustic holography. Acoustic imsging is
2 reiatively new field, the first significant contributions, due tor
Sokolov, coming only in 193657, Until recently, activity in acoustic
imaging has been restricted to an occasional effort along conventionzl
lines; i.e., using acoustic lenses or mirrors, or most cften merely an

acoustic shadwss’sg":’o’ﬁ. The resuits have been aonly moderz:iely
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s=ceessful an3, in emy case; the ranges were much slorter than reguived
for undersea applications.

Rapid progress in sccustic imaging has been immeded by b
prebless: {1} I2cX of suitable acoustic detectors, 28 {2) difficainy
with design ars fabrication of zbberatiom free zfeestic lsases and
2irrors with low acoustic loss end large spertuve. Solegraphy provides
2 w3y a3 the second probien simpiy by elinipating the need for a
_trolled angular dispersicn intc the wave field by causing it to pass
through a precisely contoured refractive lens =aterial. In bolograthy,
the dispersion process, which presefits » lerial and febrication prob-
lems, is replaced by coeperiscn with @i acaurately known phase refer-
eice. In accustic holography, as will be desonstyated, this ref
can easily be genérated electroaically.

» Other useful properties may be attributed to acoustic holograghy.
A lologran contains information about all cress sections of the object
" scene at right angles to the direction of wave propagation, even if the
hologram recording surface is two dimensional. All of this information
is i’etained in 3 single h;)}.ogram. Conversely, a lens reguires refccus-
ing of the system for each object plane cutside of the depth of field,

-and cnly ons depth-of field at a time may be permanently recorded.

Echo ranging or scnar techniques require very short duration acoustic
pilses in order to accu.rétely determine cbject positions along the
direction of propagaticn vhereas holograms may be made using continuous

as well as pulsed iliuzmination.
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Tho sensitieily should be ot Isast 10 ° uzttsfcn”, prefershly greater.

In z comventionazl imeging systen the lers cen slusys be Jesized so st

the imsge is such staliler then the vesoluticn lindting spertorawiich

is useally the lens. On the sther fznd, in 3 Bologreshic Imsging sys-

cxiid be arranged wherein am izperfect zooustic Ieos 3s used o =k
the detecticn surfzce o reascozble size without Ioss of rTesoiuticn
and holographic detecticn is used to copensate for the Isoms Indured
< . &2
distortica .

Althouch =ethods to produce holograss from incchereotily J33mms-
nated cbjects are the subject of axrent researcd™, for 213 precticai-
ity, holograrhy =ust still be regarded 3s 2 ccherest imsgisg pPocess.

Convarsely, a lens will image with inccherent zas w=ii =5 cohersst

fields. Hologrepy, Umis, has zil e disefientegss of =7 Ti=z=xt

other defects of coherent imaging =3y be significentiy Teduced by wsizg
. s . < < P S - e
diffuse rathey than point scurTe illuminsticn ™) the ioss of ressiotiom

is not thereby reccvered. This shortooming of hologramiy may o=

|
!

Ml

)

S

v
Li

2=
=
=

=

T T T

0

i

=
=
=
=
=
=
=
E

SR & IR TR R T L S

7]




particularly troublesome because there is not likely to be resolution
to spare due to the long wavelengths involved with acoustic imaging.
Real time acoustic imaging along conventional lines using the
Sokolov device has had some success in ultrasonic flaw detection and
other short range application564; but this device does not appear to
have sufficient resolution or aperture for use as the detecting surface

in holographic imaging. Other efforts at real time acoustic holography

have been made, but, for the most part, acoustic holography must still
be considered a two step procedure in which the hologram is a perma-

nent record to be suitably processed for reconstruction at a later time.

i

The great need in acoustics, which has yet to be satisfied, is not

A

= for sophistication but simply for any practical scheme which enables us

i

to "'see" acoustically. Whether acoustic holography will ultimately

b R vy i

prove superior to conventional or other teciiniques for this purpose will

not be knowm for some time.

T T
‘

= 2. PHYSICAL ARRANGEMENT OF THE EXPERIMENT

The experiment, the physical arrangement of which is shown
schematically in Figure V.1 and pictorially in Figures V.2 through V.5,
is performed underwater inside an anechoic tank. The object to be
visualized is "illuminated" by a S-cm-diam barium titanate disk driven
at 1 MHz (wavelength A = 1.5 mm in water) (see Appendix D). This fre-

quency was chosen because of its suitability for long range underwater

acoustic imaging. It appears, upon examining Figure II1.4, that 1 MHz

H =1

:

is the highest frequency, hence smallest hologram aperture, for which

5 VAT MR AL v FyrTTTY

the attenuaticn in water is below 200 db/km. Higher frequencies, where

132

o

fel st SR Lt




e ;z;;!!;;m M it
iR R .

i

i

il

M

W R

VLA 1

i |!ﬂﬁ!ﬁ!ii!i!iMi!ill:n:F.!iiiil!li‘.'!I:!I‘H!itli!!I!il||l!Il!!nlill!liii|!II!l:l5:|sam=1|la|:m|nlmm!|lIlllilmilmrummlmmnumummmummmnmlmnmumnmnmnmmnnnmmanmmmmmlmnnnnnm|nnmmmnmmmmlmnml'm;lrluimnﬁn:lmmmvrmmmmnmmmml;mmsmnmmmmtll:llmzmunm!ll:n!!lmlmmﬂlllm"ll

S R S o e e S e e e e e e ===

Figure V.1. Arrangement for Making Underwater Acoustic Holograms

C
H
HC
L
LB
0
P
R
S
T
WL

Carriage

Hologram plane

Hydraulic cylinder (152 cm stroke)
Acoustic illumination source

Lathe bed

Object

Probe {457 cm long x Z.54 cm dia)
Receiver

Tubular supports

Anechoic tank (3 m x 3 m x 7 m deep)

Water level (usually 5.5 m deep)
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Figure V.3. View of Top of Acoustic Tank
Plane of hclogram coincides with opening in tank cover.
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Figure V.4. Close-up of Scanning Mecharnism
) Probe can be seen in background, display CRO at left.
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Figure V.5. Detail of Scanning Mechanism

Position sensing potentiometers are at upper left and
-~ lower middle.
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the attenuation is much greater, would be more suitable for biomedical

and fiaw detection applications.

titanate disk mounted in a slender probe which may be scanned over a

motion, mcunted on a lathe carriage and bed assembly for the horizontal

motion. With this arrangement any hologram size and spacing of the

The scattered acoustic field is detected by a 3-mm-diam barium

130 an x 150 cm vertical plane located near the bottom of the tank.

(See Arpendix D). The hologram plane was placed at the bottom in order

to minir.ize possibie reflections from the air-water interface at the

top o” the tank. The scamning mechanism consists of a hydraulic

cylinder, controlled by a linear two-way servovalve, for the vertical

raster lines may be obtained. To minimize probe vibrations and water
disturbance, the raster lines were always scamned in the vertical
direction from bottom 20 top.

The amplified cutput of the receiving transducer is combined with

an electric reference by suitable processing (discussed in the follow-

ing sections) and then applied directly to the cathode of a Tektronix
type 561 oscillescope thereby modulating the spot intensity of the CRT

display. Precision potentiometers cornected to the hydraulic cylinder

rzm and the lathe carriage provide voltages which are propertional te

receiver position. These voltages are used to position the spot of the
CRT display, the modulated spot thereby tracking the veceiving trans-
ducer position at reduced scale. The resultifg intensity modulated
raster is time photographed and then photoreduced approximately § to 1

onto high r2solution glass plates. Visible reconstructions of the
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acoustically '"illuminated" objects are then obtained from the reduced
hclogram transparencies in the usual manner by passing converging or
collimated, coherent light from a laser source through them.

The time to record one hologram varied between four and nine hours
because a very slow scanning rate (5 an/sec) was rsquired in order to
minimize vibrations of the slender probe (2.5 cm diameter by 500 cm
long). In retrospect, the recording process could have been speeded
considerably by placing the hologram apperture near the surface, thereby
shortening the probe, and electrically gating thé signal to avoid inter-
ference from surface induced acoustic reflections. However, this
author regards mechanical scanning as no more than a simple and in-
e@ensiile expedient for gaining information directly applicabie to the
design of holographic systems using arrays of transducers, possibly a
more practical approach, but certainly a much greater undertaking in-
volving ccstly apparatus. Therefore, the lengthy recording time was

not thought to be other than a nuisance.
3. ACOUSTIC HOLOGRAPHY WITH ELECTRONIC REFERENCE

Imaging by holography was analyzed in Chapter IV. An acaustic
hologram is formed by interference of two wave fields; one, .-‘\9(5},
originates from the illiminated object, the other, AR{_{), is the
reference.

No restrictions are placed upon the object illumination other
tnan adequate spatial coherence (Section I1.3) and that the cbject be
well illuminated (Section III.§). However, stringent reguirements are

placed on the reference; in addition to spatial ccherence, the phase
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and amplitude variation of the reference wave across the hologram plane

must be carefully controlled because quality reconstructions are

" obtained only by illuminating the recorded and develcped hologram with
an accurate replica of the reference (Section IV.4). Simple wave
fronts, such as aberration-free spherical or planar waves, are most
easily duplicated. However, within the limits imposed in Section 1V.4,
the reference wave may be as complex as desired, but this complexity
mist then be exactly duplicated in the reconstruction i1lumination? .
In visible optics good image fidelity is obtained for either case.

In acoustic holography although in principle it is easy to
"*illuminate" the object, it is difficult to generate true spherical or
planar acoustic wavefronts of reference quality; i.e., without Severe
aberrations and mode effects which are difficult to reproduce-optically
and visual reconstructions from such holograms may be severely
distorted65. However, perfect reference wavefronts may be simulated
electronicaliy by adding the amplified cutput EO(_{) of the receiving
transducer to an electronic reference signal ER(;_‘) which is obtained
from the same 1 Miz RF scurce whick drives the illuminating transducer.
That is, the reference is derived electronically from a local
oscillator rather than acoustically in the tank. Electromic
similation of the refersnce is possible becaise piezoelectric
acoustic detectors are sensitive to instantanaous splitude Tather
than energy (Section 11.2Z}. —

If the sim:lation is accomplished simply by adding the local
osciilator signal directly to the scatterad signal without

intervening cperations; i.e.,

sk
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B - E’R = constant, v.1)
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the coplanar reference is obtained. This is a simple technique which

f

has been employed by other$0:67,68 1, Figure V.6 we show a block
diagram of the apparatus used to generate coplanar reference holograss.
To simulate the inclined planar reference requires only a2 slight
p@licationsg; the reference amplitude remains constant, as for the
coplanar case, but the reference phase varies linearly across the holo-

graplane The phase of a planar reference wave, propagating with

vector wave mmber K lying in the xz plane and making azxgieawithz,

et

varies across the hologram plare as xk sin §. To simalate this wave

Kl
A Wit

electroniczally the phase of the reference signal, derived from the

M

local oscillator, must vary similarly as the position of the receiver
changes. Howéver, since large reference angles 6 gre desired in
Leith-Upatnieks holograms sc that the real and virtual images are

AN IR R
i

é@l&ély sepe.gaté&m, ‘the phase variaticn may be accoeplished in 2
particularly simple way, as follows.

In order to uniquely define the direction of the reference, the
field over the hologram plane must be ssepled at intervals Ax at least

as close as

Rk 3oy

Ixk sin & =52 . {¥.2

IR UL T
')

Bowever, to avoid spuricus resoluticn effects the raster lines =u:st be

WWRiE

1 0 S

separated by at lesst one receiver effective diameter a. Hence, ths

2eximm referente inclination 8 Consistent with both criteriz is
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Maximrs reference inclination for scamn:d holograme is ploteed I
Figure V.8 sgainst effective receiver dizmetsr expressed in w=velpngths.
In cur experiments the receiver was Iproxizstely & accustic
wavelengths in diemeter. Thus, only referssge inclingticn =sgiss iszs
than zbout 87 could be similated mzdbigncusly. However, this provided
adequate separation of real and virtuel imsges. In gemersl 3 Izvper
angle, perhaps 30°, is desirable; btut the samiing resoluticn must then
be less than an zooustic wavelength, clzarly illnstrating the incyesses
detector resolutich recuired by hologrerdy coepered with otete=
To prodice scanmed a2coustic hojograss with referesce inciined
atsaaerelya&smwm&ﬁgaseef&emz@ﬁﬁmﬁgai
added to ths scattsred sigmal by =72, reiztive to the proteding line,
for each new line of the raster. In Figurs T.7 we show the binck &~
gra= of the apparatus 1sed to generate inclined veference Bolcgrass by
this technigue. The reguired phase variaticn was 2sily accompiished

with 2 s¥itch, a length of Selsy iine, ord the nolsvity iImvedsisa

feature of an oscilicsoope.
3. EERETFEIERa N TTE=ETH™T
Nt Iy eliement in aCxtic hologrerdy is formation of a phalw-

grighic wansparency of hologram PIT) patterned aftey e sorustic

stangding wave fiels
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5 § Figure V.6, Schematic of Coplanar Reference Simulaticn
§ 0 1 Mz local oscillator
g M Modulator and power amplifier (50 W RF into L)
= g L Acoustic illumination transducer
=1 f AC  Acoustic coupling via propagation through water
g R Acoustic receiving transducer
=2 A Asplifier T
S Summing network
U  Electronic processing
C Cathode ray tube display
: T Anechoic water tank
1 g  Ground through water
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Schematic of Inclined Reference Simulation

Pulse generator (0.8 msec pulse at 300 Hz rr typical)

Pulse delay (1.5 msec typical)

Gated amplifier

Inclined reference simulation network
Delay line (0.25 usec)
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where AO(_I_') is the complex propagating acoustic field scattered by some

coherently illuminated obiect O and AR(Z) is a suitable acoustic refer-

ence field. When such a transparency is reiiluminated with the refer-

ence A (r). a field is diffracted by P(x) which duplicates Ay(r) in some

region, hence AO(_I_'_) is "reconstructed."

The procedure by which the informating containing term is obtained
depends upon the type of detector used to form the hologram. For exam-

ple, when the detector is sensitive to field intensity rather than

amplitude
PO < A@A (D (v.5)

and interferometric techniques are required to produce holograms. To
wit, the reference and cbject fields are coherently added (hence the
strict coherence requirements) and then applied to the detector. The

output of the detector is

P@) = {Aécgm,";(;)nwocm;@] : (v.6)

Ideally, the £filn processing is controllsd to provide perfect

square law response. Then, if either the reference is large

R© > A v.7)

or the object is diffusely illuminated

Aé(g) = constant (v.8)
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Equation (V.6) becomes

P(r) = crustant + ReAg(DA(@ (v.9)

the desired result.
If the fields are acoustic, amplitude detection is possible and
generation of the information containing term is not restricted to
* interferometric technioues. As described in the preceding section, the

- acoustic fields Aofz) and Ao (r) are first converted by a linear process

into eguivalent electronic signals EO(;;) and ER(Z) which are then
Canined to form the helogram. If they are added and their sum con-
verted by electro-optical means in;.o a photographic transparency accord-
ing to a square law or at least power law transformation, the holograms
7t‘hus formed are equivalent to those formed from visible radiation.

This technique was introduced in the preceding sectiomn.

There is an 2lternative technique which offers certain advantages

over the interferometric method. Instead of adding the object and
reference signal amplitudes they may be applied to a moduiator which
multiplies chem. This technique shall be called heterodyne detectica.

Consider the situation presented in Figure V.9 in which the

e R N A LN

cbject and reference signals are multiplied in some sort of modulater M.

foil

~ If the signals are monochromatic (radial frequency w) the real output
E(x.t) of the modulator is

Ey(r,t) = Ej(x) cos jut+dy(r)]1E(r) cos [wt+é(r)] (vV.10)
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where E; and E; are the amplitudes and 99 and ¢ the phases of the real

signals. Using the relation

cosacosbh =

the modulater output becomes

Ey(r,t) = Ey(D)Ep(x) cosi2ut + ¢5(x) + ¢p(0)] +

Eq(DER(x) cosl¢y(x) + ¢p{n)]

cos{a + b} + cos(a - b)
2

(v.11)

(v.12}

Clearly, the cutput of the modulator contains a d.c. temm which is

identical with the desired standing wave temm (V.4)

The second harmonic component is easily eliminated by filtering.

The fiitered output may then be converted into a transparency according

t0 a linear transformation such that

P(x) = constant + ZRer(z)A;(_I;)

.

(V.13)

Holograms described by Equation (V.13) may have advantage over those

described by Equation (V.6). First, the umnwanted Ag and Aé terms are

automatically eliminated, regardless of the ratio AR/AO or the proper-

ties of AD Second, greater utilization of the transparency for the

storage and retrieval of object information is obtained. Third, by

performing the heterodyning in several stages high signal to noise

ratios may be cbtained.
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5. PHOTO-ACOUSTIC CONVERSION PROCISS

Optimization of hologram quality requires that certain character-
3 istics of the hologram forming proéess be known, particularly the de-
3 pendence of amplitude transmission P on acoustic field amplitude A and

x
intensity I = AA, Acoustic hologram formation is conveniently sepa-

rated into the four stages shown in Figure V.10: (1} detection of the
acoustic field and mixing with the reference, (2) the electro-optical
conversion, (3) the optical to photographic ceaversion, and (4) the

scale reduction. Determination of the composite response for the

o it v it

IR DGR ASAA LS stk

acoustic system is given in Appendix E.

N

6. IMAGE BRIGHINESS

ey e et

An acoustic hologram is a mosaic of aiternating light and dark

fringes, some either opaque or clear; others, varying shades of gray.

FAaL phag Ao tap

E 4
Ideally P(r) = A(r)A (1), but the less restrictive condition that con-

&
tours P(r) = constant be geometrically similar to contours A(T)A () =

RRBM

constant is usually sufficient to ensure good image fidelity in recon-

struction. For example, by increasing fringe ~ontrast it is often

possible to brighten the image without causing undue distortion, par-

B e e T T

ticularly important when the hologram aperwure is small as in the

acoustic case.

In order to gauge image brightness for interferometric holograms
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*
expand P[A(r)A {r)] in a power series in AZ about some convenient bias
]
or "quiescent" transmission P(AG) as shown in Figure V.11 obtaining
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. Typical Relationship During Hologram Recording

Typical acoustic fringe pattern
(b} Acoustic fringe pattern as.recorded photogrephicslly
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PAY = pED) + 3‘;3 wxad + ... v.19)
B A

If the exposure is restricted to the linear range Squation V.14 becemes
- using V.6

peh s red « B @abmaid . v.15)
Ay, :

-It is convenient to chocse for the expansion point .ag, the

exposure AZ due to reference caly thereby cbtaining

.5(52:}‘_ = 9@,{7{') + ;jf;i (Ag‘!-ZReAcA;) - .18
T A

Asraeha‘keal.eadvslxam the source of the reconstructed ficlds is the
tefaceatanung Zﬂaao.akk'}uch froe V.16, is proporticnal to the siope

A of the transaittance-exposure curve for the hologras. Thus, the recon-
. Structed intensity will be proporticral to the slope squared.

For &tero&ym holograms the correspanding relation is

P() = PR + ( a-:.) ZReA | v.10

Sé'z_exe’f P(?-B} is the zerc-signal transmittance of the transparency and

% is the slope of P(A). Again, image brightness depends strongly upon

) slope of the characteristic response for the transparency-forming

pfocess.
The slcpe of the characteristic curve may be related to the
visibility or contrast V of the fringes which is defined as
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shere P

ax 1S the Zaxima splitds trenssission of 2 light fringe &l

P osq IS the minimm rensmissim of the adjecent Savk frimge. It is
proxizate determination of ¥ is readily obtained sisgiy by vissal in-
specticn: of the transpersncy;

ceatrast. Fringe yvisibiiity hes useful meaning if

shavply %ﬁ%rﬁ%&gm&
t:e._-..iumtﬁes

=1ir.

2 e

For interfercmetric hologrexs the wisibiiity is
3P 1
e R
e VA e
2

f = ?l } - %?6 33}

Clearly, image brightness intresses somotomicaily with vwisibiiity as
well as with siope of the characteristic Turmve.
The dependence of image brightness upon refer 3 signal

amplitude ratio is contained in Bmuations {V.19) =nd (F.20). &=

heterodyne dstection "‘R can be as large as desired within
that the emulsicn is not operated in 2 non-Iinesr or sahmated oondi-

tion and thst ui1 signals are in

ﬁf‘

Pt
[A]]
(7]

b L |

Ny VR LR R e 110

o i ' bt a0 e, 00009 A s

ittt




foi

SHAT NI 4

e TR T

e S A, e

multiplication by the modulator. Thus, using heterodyne detection very
weak signals can be amplified and holograms with adequate fringe visi-
bility obtained.

In principle, a similar effect can be obtained with the inter-

ferometric process. However, Gabor1

has shown that interferometric
magnification is limited by noise in the large reference signal. This
noise will mask extremely weak signals. Furthermore, in order to
reduce deleterious effects from the extraneous product term Aé, the
reference amplitude must be made large. In so doing, the camera aper-
ture must be reduced so that P(Aé) is maintained at some median trans-
mittance lest the film be hopelessly overexposed by the reference. How-
ever, closing the aperture decreases the slope of the characteristic
curve, hence visibility and image brightness decrease.

In practice, certain departures frcm the ideal linear situation
described above were found to be desirable. Two considerations influ-
enced choice of the functional dependence of P upon AA*: (1) minimiza-
tion of information loss in the reduction stage, and (2) maximization of
image brightness. Resoiution of fringes in the reduced transparency is
limited by the demagnification lens and is maximum for high contrast
fringes. However, it should be noted that it was found possible to
maintain a gray scale with fair resolution in the reduction.

Maximum image brightness demands high contrast conversion from
acoustic standiné wave field to photographic transparency. However
since high contrast systems have limited dynamic range, non-linear con-
version in the form of clipping will usually result. For interfero-

metric holograms the effects of non-linearity are minimized without
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sacrificing contrast by reducing the operating point of the character-
istic curve to zero transmission, as shown in Figure V.11.

Over most of the holcgram plane the refercnce to signal! amplitude
ratio AR/AO satisfies AR/AO > 2, at the signal maxima AR/AO > 1. Thus,
in regions of signal maxima the darkest portions of the fringes will be
clipped. However, such clipping produces negligible image distortion
because P(AA*) is small in these regions even if linearity is strictly

maintained.
7. EXPERIMENTS IN ACOUSTIC IMAGING BY HOLOGRAPHY

The following acoustic imaging experiments were performed using
the techniques and apparatus described above and in Appendices D, E,

and F.
HOLOGRAM #1 (Figures V.12-V.16)

The simplest possible scene was chosen for hologram number one.
The scene (Figure V.12) is a view of the acoustic radiation pattern
from the illumination transducer (see Figures D.1, D.2, D.3) without
any intervening object and with electronically simulated coplanar
reference. Unfortunately, a 3 inch diameter airfilled standpipe
protrudes from the bottom of the tank inot the object space in front of
the hologram plane. However, since the central lobe of the radiation
rattern diverges narrowly (only about 10°) it was anticipated that the
standpipe would not appear in the reconstruction. The hologram is
shown in Figure V.13 and the reconstruction in Figure V.14.

The central spot in the reconstruction is clearly the image of

the transducer, approximately a point source. Occurrence of a second
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Figure V.14. Reconstruction from Hologram £1
Left half of reconstruction has been cropped. Spot at left
corresponds to location of standpipe SP and transducer L.
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spot at the right band side of the reconstruction is somewhat perplex-

ing. (There is also a spot on the left, symmetrical with the one on.

the right, but somewhat weaker. This spot is not shown in V.14.) By

selectively iliuminating small areas of the hologram at a time it was

-determined that the spurious images arise from the fringe structure

near the ieft and right hand edges of the hologram.

Two possible explanations for the occurrence of the edge fringe‘v
structure are offered; one is based upon Moire fringe interference,
the other upon multiple reflections. Of the two, the Moire theory is
more likely. If an equally spaced line grating (Figure V.152) is
superimposed upon a symmetrical Fresnel zone (Figure V.15b) then,
according to Moire fringe theorym, 2 new fringe system like the one
showr. in Figure V.15c will be formed. Note the appearance of
symmetrical Fresnel zones near the edges of the pattern in addition to
the original zone in the center. These spuriocus zones will form
diffraction spots to the right and left of the spot from the original
zone. Thus, by identifying the line grating with the scanning raster
and the central Fresnel zone with interference between the transiucer
radiation and the coplanar reference it is clear that the spurious
images may be a result of coarse scanning.

One may also expiain the existence of spurious fringes at the
edge of the hologram by assuming that a portion of the accustic beam
is reflected from the standpipe to both walls of the tank and then
from the walls to the hologram plane as shown by the dotted rays in
Figure V.12, These doubly reflected rays will form fringepatterns

similar to those found in the holcgram. Of course, if either the
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walls or the standoipe is non-reflecting then this theory does not

apply.

Since the standpipe is filled with air it should be a strong
refiector for acoustic radiation. The wall is a different matter, The
walls of the chamber are composed of a rubber cone structure overlaid
upon redwood paneling attached to a reinforced concrete foundation.

The cones, approximately 2 am high by 2 cm base diameter, form a regular

close packed square array. The reflected amplitude of normally incident

1 Mz acoustic radiation was found to be 15 db below incident amplitude.
However, at sufficiently oblique incidence the reflection may be con-

siderably greater. This was not investigated.

It ey ettt RISt

The receiver characteristics introduce additional complications

which further obscure the exact origin of the spuricus images in recon-

LA U KX R 02 bt o R e

struction #1. First, cw illumination was used during the early holo-

e et woges

LA iy

gram experirents, hence coincidence techniques (range gating) could not

be used to separate reflections from direct radiation. Second, an

TR SCHTTTT T

extremely sens_.tive non-linear detector was emloyed in order to
maximize the number of fringes recorded. The output of this detector

was the same for weak secondary reflections as for strong primary

I O A 1) Y

radiation. Thus fringe contrast could not be used to separate the two.
The detector departed from the simple linear amplifier system
shown in Figure V.6 because it was felt initially that the mumber of

interference fringes recorded must be maximized in order to insure

B

adequate resclution and signal to noise ratio. This was accomplished
by passing the signal through a high gain (104) ampiifier stage
Ffollowed by symmetrical clipping before going to the CRT grid. See
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Figure V.16a. The large amplification insures that even very weak
signals will produce sufficient signal at the CRT grid to turn the beam
on, clipping prevents overexpooire and the concomitant loss of resolu-
{ion ard fringe contrast with signals c¢f large dynamic range, and the
symmetrical design avoids problems with d.c. recteration.

The effect of clipping upon the transmission contmir of typical
interference fringes in illustrated in Figure V.16a. All fringe ampli-
tudes greater than A, are clipped so that A < Ac- Thus amplitude
information is no longer encoded as variations of fringe contrast since
fringe contrast is essentially a constant. Amplitude also controls
fringe width W, as may be seen in Figure V.16a; however, this is a
non-linear dependence (see figure V.16b) so that basically amplitude
information is not faithfully recorded in this type of hologram. Non-

linear-processes of this type are useful for high contrast cbjects.

.However, when a gray scale must be maintained - as with imaging of

biological tissue - then linearity may be required.

HOLOGRAMS #2 THROUGH #6 (Figures V.17-V.15)

The holograms of this set are almost self-explanatory. The
obiect scene for this group represents the next logical step up in
complexity from the object scene for hologram #1. The scene, depicted
schematically in Figure V.17, consists of an acoustically opaque screen
(3m thick aluminum sheet bonded on both sides with 6 mm thick sponge
rubber) with a circular hole 14.3 mm diameter in the center illuminated
from behind. Simple transmission objects of this type are ideal for

evaluating various acoustic holographic techniques because the hologram

164

=SS

= = ===—m=====ee- -. __




o, Wl e ;__~_M§g%g%ﬁ%m%g%%%ﬁ%&%Es%g_.§sa%_ggés%a%.5sz§“'_M__s_s_u.nmgz_%“§=___§_5_5.__*_%_,ﬂ._h,,“2_,,:%__,5.,::,::.._..,_.v..,,,;;z I T L UL B
:\,.,
ik
i
,::
_A.M‘
‘_.,
i
% o a Y ¥ T ¥ ¥ Y T 1 m _dw%ﬁ
: !
< _M_
|
A@ n/ i Mo \
"__ \ Iv pe ) n4u & [
| — & oF ,_%
\ I5 4 i ¥
| ;_x /rllnf/. < 8 A_w
o 2 o ¥ 5
| m_m\ \!\l\\u — | |
#, m U )
K _‘ uﬁ AQ‘\ - |
_m h\m e R %
’“,, ;,WM |llﬁl ~— | . nnzw h1] ;_,
__ u_“__v e e 2 m_ww“
| \ | Z i
| _m._ ] i
| *__m_ [’yll 1 1 2 % N 1 Ilqlll.-ull N m.-u mo ”h_“
g o @~ @on € o N~ o i |
? - ~ 3 _;4
_AMM. & = i
| |
:,w J
i ¥
w_; g
¢ o
&“ X
B i

i

L R b A a0 OB I et o Al g 4t . " X &bt b i Lt N |
e LR B A A A,_,_5__a;.;,.%..g§§§._...=§§_§§%%%%E%%%ﬁ%g._“u_w%w_“

"

i 1Lt )
S T e o L
o) LA e R B ODE ARE b E0 s Y gyt e e, g s e




b

ureyd Huyzaoddng )
(xo30umyp w ¢'p1) STOH Y
ajerd anbedo A1tearisnooy do

o4 ydnoayy, zy4 sweaBoroH ‘ousdg 30a0q0 30 3InoAe] ' LI'A 0and1y
A\ .

“ _ A\
|
i b
ﬁ “
| 4}
| |
; 1
| “ z|-
PJ’ H—"'l“‘o!"""‘!x - ‘-'4
| Q- L ! I ©w
| O “ 8
[ H -
| - “ Q. Ll v _
i
m.’ - - - - - - O Q ,_,
.n } baiongd ’
| F- wn _
! O :
! 1
; | , !
4 L e e e e e
|
L ' |
! i
|
}
| |
| , v
“
N ; \ \ -
A
AT SR AR AR O L . | v « . P——
vk e ;.,..:.....;i...... R ,a: ‘ . . -
ik R N G i, 4l \ . " ' . no T e ’
IR T i RAL LT TR T :_.:,,.i__ ...:w,f,,_.z:.: TR IR AL _..__,,,: D et i gt g " A
b i F AR ul Felihy Lt i

HARTITN

o
LULIMLOELIEY o i)




I

hl

[TRTT

iJ
f

i
:

'

fringe pattern can be easily calculated. Holograss 2. éia%ﬁ.{éigz:e

produced in order to test the scheme for electrenic simdaticn of off =

0 beg o

axis reference holograms as described in Secticn V.3,

il

The holograzs, Figure V. 18, were 311 t2ken with the s==e atoustic

illumination and opague sctreen locations; caly the siectrmic refevence

G

signal varied from hologran to holograx. The hologras fringss for this

N A A A

object are readily calculated; for L much larger 2han x, v, =2 3 &2 -

fringes are given by - _

[T

2-—

(x-L sin 8)% + y .2

vhere 1 = ~ 1,2,...; L is the spacing betwten hole a2 bologras, x a2
y &re holograz coordinates with origie concentric with the hole, T4 3s

the radius of the imzllest dizseter fringe, 1 is the zomstic wove-

Wi

l:d

length, and & is the angle cof inclinaticn of the Tefer=uce with =

ot e e e e Lon R4

to the norm=al to the holcgras plane .

Figure V.18a shows the hologram with coplansT yeferencs, the

e SN

il

raster lines being separated oy 5.7 mm. Figure ¥.1I5C 35 idemticsl
except that the reference signzl is shifted by = for e2ch new Iins,

twice the shift required 1o imisuely define the refersoce e

The ahiguity is visible in the hologrse betsuss it =I[peirs &5 O sEtS

of concentric circles xaereas V. 21 predicts only 2 single set. Thais

duslity is related io the Moive phencoers noted eaxifer. The onbiguity

is eliminated in Figuve V. 184 by including coe 2333t3csal iins Datumen

ach of the preceding limes and with reference ghose shifted %y sopro-

priate mltinles of /2. The iinss are now speced half as for zmert
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Figuve V.18(a). Hologram #2, 0° Simulated Reference Angle

Regions of high acoustic field are white.
Factor of 2 (m = 2) smaller than original acoustic field.
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Figure V.18(b,. Hologram #3, 3.4° Simulated Reference Angle

Raster line separation = 5.7 mm.
Phase shift per line = n/2.

169

AT

I e D P ===




-

Figure V.18(c). Hologram #4, 7.7° Simulate’ Reference Angle

Raster line separation = 5.7 mm.
Phase shift per line = T,
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Figure V.18(d). Hologram #5, 7.7° Simulated Reference Angle

Raster line separation = 2.85 mm.
Phase shift per line = n/2,
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Figure V.18(e). Hologram #6, 15.4° Simulated Reference Angle

Raster line separation = 2.85 mm.
Phase shift per line = 7.
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(2.8 mm) and the reference is shifted by n/2 for each new line-'.
Clearly, the ambiguity in Figure V.18c is a result of the finite
resolution (.175 lines/mm) of the acoustic sensitive "film," This
resolution corresponds to a photographic emulsion able to resolve about
420 lines/mm, wnich is generally considered too low for planar refer-
ence visible holography. Figure V.18e was obtained using the same line
spacing as for V,18d except that the phase shift was © between lizes
rather than w/2. This is equivalent to doubling the reference angle,
however, it is clear that ambiguity is again introduced.

Reconstructions from the various holograms are displayed in
Figure V.19. In each case the very bright spot rcpresents an image of
the backlighted hole. It will be interesting to compare the size of
the spot appearing in the reconstruction with the size of the original
hole. The hologram transparency is 1/26.4 the size of the origimal
acoustic field; the reconstruction, Figure V.19t is magnified approxi-
mately 12. Thus the reconstructed spot shculd measure approximately
7 mm diameter. Measurement of the reconstructicn indicates that within
experimental error this is indeed the case.

In these experiments linear rather than clipped detection was
employed thus only the central diffraction zone of the hole contributes
to the holcgram, the higher zones being below the threshold of the CRT
display. However, it is important to note that approximately correct
spot size is obtained even so. The higher order diffraction rings were
not required in order to obtain proper resolution of this hole. This
result is in agreement with visible holography experiments quoted by

Develis 2nd Reynolds. If clipped detection had been employed then
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Figure V. 19(aj. Eeconstmction fran Hologram ¥4
Reconstruction photographed on Polaroid 5% P/N film with
.6328 micron laser illumination. Positive print made on

Eastman Kodak Kodabromide F-5 single weight paper.
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: Figure V.19(b). Reconstruction from Hologram #5

. Zero order is faint area in center, reconstruction 1is

bright spot near right edge.
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Figure V.19(c). Enlargemert of Reconstructicn from Hologram #5

Figures V.19 (c), {d), and (e} demonstrate that recon-
struction is at least 20 times brighter than background.
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Figure V.19(d). Enlargement of Reconstruction from Hologram £5
Eniargement exposure 5 times less than for Figure V.19(c).

177




“oee

B2 ek ¥ owr s

Figure V.19(e}. Enlargesent of Reconstruction from Hologras #5
Enlargezent exposure 20 times less than for Figurz V.19{c}.
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Figure V.19(g). Reconstruction from Holograms #3 and #4

TV at maximum contrast, minimum brightness, illustrating
utility of TV displays lor viewing acoustic holograms.
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Figure V.19{h}. Reconstriction from Holograms #2 aad #5

Viewed directly by TV at medium contrast and brightness.
Reconstruction from #5 at top, #2 at bottom.
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Figure V.19(i). Reconstruction from Holograms #2 and #5

TY ar maximum coptrast, minimum brightness, illustrating
utility of TV displays for viewing acoustic holograms.

182

4



R

the higher order diffraction rings would also have contributed to the
hologram and the signal to noise ratio might have been better but an

erroneous measure of the hole size might have been obtained. Clipping

appears to have some relation to the apodization techniques of con-

ventional optics 71.

s s

it

HOLOGRAMS #7 THROUGH #10 (Figures V.20-V.28)

Transmission through thin planar cbjects is useful for evaluating

techniques and for visual displays. However, practic:l applications

otk e Wt BN b,

u

particularlv in acoustic imaging, require that the hologram be made by

whit

acoustic radiation reflected fram the object scene rather than trans-
mitted through the object scene. Thus, the remainder of the holograms
to be presented here are c¢f reflecting object scenes even though such

' scenes are considerably more difficult vo image primarily because of
the predominately specular nature of the acoustic reflections from most
cbjects. (See Chapter III.)

Holograms #7 through #10 were the first of the holograms made by
reflected accustic radiation; the cbjects were simple reflecting laminae
fabricated from steel plate (#7 and #8) or aluminum plate (#2 and #10).
Holograms #7 and #8 (Figures V.21 and V.22) were made with clipped
detection and cw illumination. The reconstruction 1s shown in Figure
V.23.

Holograms #9 and #10 (Figures V.25 and V.26) were made with
linear detection and pulsed :llumination. The reconstructions are
shown in Figure V.27. Pulsed illumination was required in order to

prevent spurious signals radiated by the illumination transducer from
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Figure V.21. Hologram #7, 0° Simulated Reference Angie

Regions of high acoustic fieid are waite.
Bright spot in center of hologram is the central lobe of
transducer L reflected fraam the object O.
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Raster line spacing = 5.7mm, 230 lines total.
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Figure V.Z2. Hologrem #5, 7.7° S

Raster line spacing
Phase snift per line = =.

Simulated Reference Angle




b

R R

e L el iR

PRSI TR

by

LA R

YR X S

ROH AT TIERI A AT

o

f

Hologrem

on £

i

Reconstruce

s o eandda b

tdeaitd bt lodl

Yy

rw)
"
[
= ww.
2 B
e
b
w8
[ ]
o
Q)
» »
i @
s g
™
AL J%
wpef

de F-3 ¢

fak

raphad on Polarcid 35 P
¥Xodad

0105
=2n

Phy

33

RTTTER PRI AT

T3
8

(L]

O

T

OEAEE




i B

i

LN U R

y
ks

. e
(TSRt S R

w0
o

MRS Bebribe

it

i

.

)

St

Rl SN AN

QLA

AR

(RHURH K

LN

Y A S AT Nt

R ARUE A

=

RS e e gl RN NI LR O SR R TR RURR R

T

Y
—
-
) -
el
ks
| -

*

)

Figure V.23(b). Reoonstruction frie Hslogram #7

Viewed directly by TV at mediu= contrast and brightness.
Photograph of TV monitor on Polaroid 481 £ils, positive
print on Eazstman Xodak Kodabromide F-5 singie weight paper.
Figures V.23(2}-(c) illustrate the utility of viewing
accusstic noleograss with telsvision svstems. The variable
contrast, brightmess, and threshoid of these systess allow
instantaneous znd comtimmus adjustment of the dispiay for
optimm appearance of the image against the high noise
background characteristic of acoustic holcgrams. The jitter
inherent in TV rasters recduces dotherscee speckiing without
sericus loss of resslution.
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Figure V.23{c). Reconstruction fro= Hologras #7
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is actuzlly =uch brighter than backgroimd. Viewing
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Reconstruction from Hologram £9

Figure V.27.

Reconstruction from Holograms #9 and #10 about the
even though raster line spacing is different.
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being recorded on the hologram. Spuricus yadiation was eliminated by
range gating the received acoustic pulses; a iypical pulse reflected by
the target is shown in Figure V.28. The structure at the pulse edges is
due to the difference in path length between the front and back of the
transducer and between the varicus positicns on the cbject and hologram
plane. Care was taken to adjust the coincidence circuitry so that only
a narrow portion from the center of the acoustic pulse was used to form
a hologran.

The friangular shaped notch used as the cbject for holograms #9
and 10 was picked so that some measure of the resclution of the system
could be obtained. The object was located approximately 1.7 m from the
holcgram plane and it appears that cbject points separated greater than
12 mm couid be resolved. This corres.unds to 3.6 milliradians angu’=r

resoluticn. Conversely, since the hologram plane measured approxi-

it

mately 79 x 63 cm the Rayleigh criterion predicts that the angular

GhMHHRI

resolution could be no better than 2.3 milliradians. Thus, the

I

resolution seems reasonable for the aperture available.g

)
(LN Hin

T TR,

HOLOGRAMS #11 AND #£12 {Figures V.29-V.31)

The next 1logical step in an elementary study of acoustic holo-
graphy is to image objects with some measure of three-dimensionality,
the simplest of these being multiplanar arrays. Ir Figure V.29 we show
an arrangement of two laminae, one square, the other circular, situated
in non-parallel planes with the square approximately 9 cm bzhind the

circle. In Figure V.30 we show a conventional coplanar reference

[ . AP S

AN ERU T RSN AR IR 4

acoustic hologram (#11) of this scene. In Figure V.31 we show a
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(b) 1In lower half of nologram.

Figure V.28. Typical Acoustic Pulses Scattered by an Object

Horizontal scale (time) = .2 msec/divisior.
Vertical scale (voltage input tc amplifier G) = .5 volts/div

Note that the accustic signai requires approximately .Zmsec
for rise and fzll due to difference in path length from
various portions of the object to the hologram plane. Only
center .4 msec of pulse was used for the holegrams.
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Hologram #12
Heterodyning

Figure V.31.
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hologran (§12) idertical with hologram #11 axcept thst wheress #11 wds
generated using comventiomal intsrference datecticm, #12 wis genévated
using the heterodyne detecticn scheme wutlined in Section Vi4. By
¢omparing the tuo holograms it is clear ihat they sre eqiivalent excest
that the fringe contrast of #1Z is less than #11. However, fricge

contyast is easily adjusted by changing syste= gain and the zero signal

intensity of the (&7 spot.

The reconstructions fre= holograss #11 and #12 are vather pooT
for several reasons. First, because of the narrow bsem angle of the
acoustic illu=iration it was not possible to properly illu=inate the
edges of the laminze, hence the edges were not w2ll defined in the
reconstruction. Mor=over, because of the narrow bea= angle it was not
possible to separate the laminae further hence the depth of focus of the
hologram overlaps the depth of field of the scene aid the & objects
appear coplanar in the reconstruction. Finally, it appears that for
the shall apertures of acoustic holegrams one may wish to sacrifice
accurate linear display of the hologram fringes for a binary display
which improves signal to noise ratis at the expense of a completely
true gray scale rendition of the object.

It is interestirg to note that the difficulties of specilar
reflection are already clearly evident even in simple situstions like
Figure V.Z9. Rote that the acoustic field in the hologram plane is
camposed of essentially two "bright patches”™. That on the left is due
primariiy to reflection from the rouni object element, that on the
right is due primarily to reflection from the square object element.

Now the angle of inclination between the two object paares was only
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Been possibie to contsin toth patches simsitromecnisiy within the

hologras aperture, hence it souid not have been possibie o

simitenecusiy izmpe both chlect cissments.

IDIOGRES £15 2D 1§ (Figures V.22-V.36)

¥e have presented, in the foregoing., scoustic hologzess of
varicus chject scenes of progressibely zore complicated structure.
This procedure was adopted as the most logical wsy inm which o conouct
zn elessntary study of acoustic imeging. By degiming with extremely
si=ple objects, accurate =easurenents Tan be coepared with theoreticel
calculations without umdue difficulry. Then, the special prodlsss
posed by sore reaiistic, but also =Ore ca=plicated, scenes can be
readily isolated 2: ? ztudied. We conclude this legical progressicn
with holograms #13 4nd #14, holograms of a very general object scene
re@fesé‘-;fative of those likely to be encountered in practical undersea
acoustic imaging sitwations. These holograms illustrate a serious
cbstacle to useful acocustic imaging namely the specular nature of
acoustic reflecticn from most objects. (See Chapter II1.)

The physical arrangement for holograms #13 and #14 is shown in
Figure V.32. The otject, which is viewed in reflection, is a
cylindrical underwater light globe housing with one erd spherical and
the -other end capped by a flat, bronze fitting. Hologram #13 is shown
in Figure V.33, and the reconstruction in Figure V.34. Unlike the
preceeding holograms, instead of a complete image of the object only a
diffracted highlight is cbserved. This is a characteristic displayed
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Figure V.33. Hologram #13, 0° Simulated Reference Angle

Fringe system at left due to cylinder, fringe system at
right due to spherical end cap.
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Figure V.34. Reconstruction from Hologram #13

Specular nature of reflection from object is clearly
evident. Object diameter is actually 15 times larger.
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by most objects illuminated with acoustic radiation. The explanation
is quite simple.

In Chaé%er III the role of surface texture in determining the
acoustic scattering properties of material surfaces was discussed. For
most surfaces, the characteristic depth of the texture is considerably
less than A (A = 1.5 mm for 1 MHz acoustic radiation in water), the
characteristic correlation length\of the texture much greater than A.
Accordingly, most objects observed by accustic means appear to be
smooth; i.e., the acoustic scattering is specular rather than diffuse.

In Chapter III we also discussed the consequences of viewing
through small apertures specularly reflecting curved surfaces illumi-
nated with plane or spherical waves; only the central icte of the
diffraction pattern will be observed. Simple geometrical arguements
show that this lobe arises mainly from that portion of the reflecting
surface directly opposite the center of the viewing aperture, hence
the object appears as a diffracted highlight. The glass housing
(Figure V.353a) uéed as the object for hologram #13 is acoustically
smqoth in the sense outlined above, hence ony would expect that the
reconstruction from hologram #13 would show only & diffracted high-
light. This is indeed the case.

To circumvent the highlight problem one usually rescrts to
diffuse illumination. However, generation of diffuse but coherent
acoustic radiation is not a simple task. Instead we choose to make
the object quasi-diffusely reflecting by attaching to it airfiiled
glass spheres approximately 2.5 cm diameter as shown in Figure V.35(b).

This artifice simulates a surface texture with a characteristic depth
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Figure V.35. A Quasi-diffusely Reflecting Object
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of several wavelengths.

The modified glass housing was replaced in exactly the same
position as for hologram #13 and a hologram was then made cf the new
object scene using the same holcgram parameters as before. The new
hologram (#14) is shown in Figure V.36. Note that it bears a certain
resemblance to #13 although many of the fringes are now considerably
mottled or even washed out completely. Of course, this is precisely
what one would expect as a specuiar object is gradually '‘roughened"
into a diffuse object. Many areas of the hologram exhibit very fine
fringe structures again indicitive of diffuse reflection.

Because the resolution of the CRT display was limited, the fringe
detail in the physical hologram plane was inadequately preserved in the
recorded hologram. By watching the spot during a typical scan it was
apparent that there was definite, high contrast fringe detail in
the hologram at spacings as small as one fifth the resolvable spacing
of the CRT. To obtain the required display resoiution would require
the use of a magnetically focused CRT. Thus, a useful reconstruction
from hologram #14 was not possible. However, simply by comparing
holograms #13 and #14 it is apparent that diffuse acoustic
illumination of rough surfaces will indeed allow imeging of the entire

object, not just the highlights.
8. SUMMARY

A simple scanning technique for generating acoustic holograms of
underwater objects in the laboratory has been described. Using this

system acoustic holograms have been recorded which show angular
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resolution of 3.6 milliradians, approximately 1.5 times the Rayleigh
limit. These experiments were performed at 1 Miz, a frequency suitable
for long range underwater imaging and detection.

Because instantareous amplitude is an acoustic observabie, the
reference field can be simulated electronically. Moreover, by resorting
to heterodyne or phase detection the cross product term between object
and reference signals may be generated without the undesired
extranecus terms which occur in comentional holography. Holograms of
the Leith-Upatnieks type, with the inclined planar reference simulated
electronically, and hetercdyne detection holograms are presented.

By using a CRT for the acousto-optic conversion it is possible to
synthesize electronically a wide variety of conversion characteristics
from linear to hard limiting. Because of the rather small apertures
involved it appears that hard limiting (high fringe contrast) or
clipping is often desirable in order to maximize reconstructed image
brightness.

Various other aspects of accustic imaging are presented. In
particular, the severity of specular accustic reflection is clearly
evident in these experiments.

Finally, the utility of variable contrast televisicn displays for

viewing accistic holograms is demonstrated.
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APPENDIX A
FOURTER TRANSFORM CONVENTIONS

In optics we shall have occasion to calculate Spatial Fourier

Transforms. Consider the general function of position A(Y) where
I=xXX+yy+zl (A.13)

and X, ¥, 2 are cartesian ccordinate unit vectors with z lying along.
the general direction of propagation. Position in a specific trans-

verse plane z = z. = const., is denoted I where

(£ 3

=gQgA+y§+;r, A.I0Y

T .
< .

~
The Spatial Fourier Transform A(_x_'_c) of A(gc) is taken as the

two-dimensional Fourier Transform in the transverse plane z = Zc-

~ - y -27i (s X *S Y,
AlTg) = Alxzg) = f f Agge X Vaxaye

-2%ir,s
=.2
=fﬁ.(£c)e ~C drc {A.2)
I

with the inverse
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i

f

- o 2mi(s_XA*S_ V)
Als,zp) = ffA(g,zC e Xy ds,ds
N\

2ni ser
e ==~C.2
= 3 =
fA(s,zC,e d’s A(zc) (A.3)

s

Here § denotes integration over the entire transverse plane z = Ze,
c

f denotes integration over the entire s plane and

s

s= sx;i + sj (A.4)

is the spatial frequency in cycles/length. In general, the Spatial

Fourier Transform depends upon which plane z = const. is chosen for the

il

transformation; this z dependence is explicitly stated. For example,

in the plane z = O the Spatial Fourier Transfom of A(r} is denoted
A(s,0).

Temporal Fourier Tramsforms are alse required. The Tesporal
Fourier Transform Af{z7,t) of a function of time and position A(Z,t) is
taken as

£~
,-V -~ - 3' L
AT = A(r,v) = f Alr, e Zmivty, @A.5)
-
with the inverse

Ar,v) = f A, My = A(r,t {A.6)
NS
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In general, the

and v is the temporal frequency in cycles/sec.

is r dependence is

Positionsl dependence will always be denoted

.
b

Temporal Fourier Transform depends upon position

prior

tly stated.
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APPEINDIX B

CONVOLUTION AQD =TI TIEEES

The convolution AsB of O fimsticns Alx) =2 B{x} is 3= 35

Alx) « B{x} = f A(u)B{x-u)da . 2

il
\:u!

o

-

The correlaticn AWB of S fmcticns AN and 3{x} is tawrn 25

A(x) ¥ B8/x) = f A[EGe)E . G.

-

A

In optics to-disensicnsl comolyticns and oorreiaticss =r= 2l

needad. They ave tzken as

Alx.¥) = B{x,y; = j:fé(u.x}sixdé,}‘-‘f}éé & &3
-

=
Alx,¥) % 30x,y) = ﬂ A VBl dy . &4
-

&rﬁzsﬁascf;csiﬁminmﬁmz=a,z=a§

comsiution and correliation eorma

.-&(gc}* 3{rj = f Al srldn, - .8}
-
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Convolution and correlation in both space and time are encountered.

i

j

If the meaning is not clear then . and *r will denote spatial opera-

I

tions, 4, and *t will denote temporal operations, . and *_ will

i

i)

denote spatial frequency operaticms, #,, and *v will denote temporal

i
|

j‘*f%j frequency -operations.

;%j:; The following properties of convolutions will prove useful.

% TN~

= A{x) » B(x) = A(s)B(s) (8.7)
YOI o ~ R
AX) » B (xX) = A(S)B (-s) {B.8)
AR » B () = A(s)B (s) (B.9)
A(s) & B(s) = ABX) . (B.10)
N

The: following properties of correlations will prove useful.

N - ~
A(x) % B{(x) = A(-s)B(s) (B.11)

7 /“\__{ - "
AX)W B (x) = A(-s)B (-s) (B.12)

N ~ -~
A(-x) % B(x) = A(s)B(s) {B.13)

A G S O L T R

Y
4

A(s) % B(s) = A(-X)B(x) . (B.14)
N

In addition, convolutions and correlations are distributive,

associative, and commutative. From the preceding relations we obtain

i B

/\./2 - o - —
|A(X)|“ = A(s) # A (-s) = A(~s) KB (-s) . (B.15)

i
d
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A(s) % A(s)
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= R(s) * A(s)

If the spectrum of A is real and even
2
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APPENDIX C
DECOMPOSITION INTO PLANE WAVE SPECTRUM

Any field g(gc) satisfying the Helmholtz equation can be decom-

posed,into a spectrum of plane waves thus L

ifgeztk, (x)2.]
£ "z C dZK

s = 5oz = f Wie €.1)

where W(x) is a weighting function givirg the amplitude of the kth
directed plane wave compcnent of E(gc) and x is the transverse wave
number

£=.'<_+k23

(C.2)

k2=|(2“'k§ .

Alternatively, the field can be decomposed intc a spectrum of spatial

frequency components by taking a Spatial Fourier Transform thus

Zniser. 5

E(xg) =f§(§,zc)e d’s (C.3)

vwhere
s = sxfc + syf’ (C.9)

represents a spatial frequency (mumber of periodic variations of any
physical feature per unit length), the directiun of ¢ indicating the

orientation of the spatial variations in the transverse plane.
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Equating (C.1) with (C.3) demands

K = 218 (C.5)

T B

A
bl

L

- 11(2(2!rs)z

Eszg) = (m% =~ Gizny) . (C.6)

RN
RO

Evidently

, E(s,0) = (2mW(2ns)

] (C.7)
~ - ik, (Zns)

£(s,2p) = g(s,0)e e -

B A RIUR

Thus, the plane wave spectrum W(x) is preserved in propagating

between transverse planes but the spatial frequency spectrum is not.

HH Rt HANIA

Even so, it is usually more convenient to obtain the plane wave spec-
P pe

trum from the spatial frequency spectrum rather than the converse. The

At s s st B T b e Sns et

AL A i

reason is that the fields of interest usually arise frca sources

i

located on boundaries of known geometry. These boundary fields are
easily decomposed into known spatial spectra to which the resulting

HHIKsH

plane wave spectrum is simply related. Thus, writing

[

- K 1 _31 §
E\Imr & e ik, (Wzg
(2m)

Bl W(x) = (C.8)

the plane wave spectral decomposition becomes

“ el8, 2] ier, ik (9 (zez0)
£x) =/—A-Z§—‘il-e e 2T T (C.9)
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Substituting
~ -27is-1/
E(s,z) = f Expe vdlr - (€. 10)

into Equation (C.3) we cbtain

Eirt) 1:<°(r T ) ik i) {z )
ey = f =X e 49 72 Caldb,  .(cap
J c
om?

Finally

-

ikz(Ztr_s_) (z-z")
Er) =5GP 2 e . (€.12)
It is inviting to consider the equivalence of the plane wave
expansion (C.12) with the Rayleigh-Sommerfeld-Green expression for

diffraction by a planar apperture located in the transverse plane
73

t
-
~

z = 2
- ikire-x)
f ) 3, ( TR )dzré (C.13)

thereby emphasizing the non-paraxial nature of the latter. The

integral (C.13) can be written in more ccmpact form as a convelution
E(xp) = E(xp) * G(xD) (€.24)

where
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Equivalence of the Rayleigh thenry with the plane wave expansion
demands

iklzezg|

ik (255) (zp-20)  (zp-20) ( 1 )e (C.16}
. =V

> R B e I P

w lfc’fc!
If this assertion is valid then the two theories are equivalent, and we
may use the plane wave expansion instead of the non-paraxial Rayleigh
theory whensver it proves convenient.

To prove (C.16) we must show

) eik;gc-zé 2 i ,/’ kz-(znjz(siés;) (zc-2() iZK(Sxx"'SyY)
e ¢ )
=\ [
(€.17)
* ds_ds

Xy

which is equivaient to showing

iklrert] o iy K-(2nl(sEsd) (za-zi) izn(sx+s. y)

e - € =[ e Xy’ C e X yy
lr -r'! = *
<= et i \/ K2- (Zw)z(s;i»sf,)

(C.18)

The relaticn {C.18) has been demonstrated by several authors 3?7,
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APPENDIX D
APPARATUS DETAILS

1.  ACGUSTIC ILLIMINATION SOURCE

The source of acoustic illumination was a bariu= titanate disk
{6.3 m dia x 1.3 cm thick) driven in a nigher cordsr thickness mode at
i Miz, by 2 crystzl controlled osciliator and power amplifier deliver-
ing 40 watts of r.f. power. In order to maximize comversion of r.f.
power to acoustic power the disk wes air-backed, however, it is doubtfil
that conversion efficiency exceeded 30%. The disk was =ounted in an
ahmimm housing with O-rings to seal against approxi=ately 1/2 at=os-
phere pressure. The transducer assesbly is shown in Figures D.1 and
D.2.

Standard calculations’® indicate that the angular bezm width
(first lobe) for 2 simple piston 423 dizmeter should be approximatély
1°. In crder to increase this beat width a horn was placed in front of
the disk. The resulting beam width was zbout 10°. The bez= pattern is
shown in Figures D.3 and D.4. The lack of circular sy=setyy is thought
to be due to the clamping bolts which were located in a regular
hiexagonal pattermn.

2. ACCUSTIC RECEIVER

The device used to detect the scattered accustic radiation was
a barivm titanate disk {.304 ca dia x .203 = thick) operating in the
fundarental thickness mode. Because of mechanical prcebless associated
with the ambient water pressure it was not possible to a*w-back the

disk althcugh this would have been desirable. The disk was mounted in
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— ";% BT Eariu= titanate disk 0 neoprene "G ring

£ C PG 62/U cable

: Figure D.1 Illwmination Transducer Asse=bly
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Figure D.2. Iilwmination Transducer
The pronounced corcosion of the aluminm housing was due to

some chemical agent of wmkncwn origin in the water.
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Figure D.4. Radiation Fatters of I1lmination Transducer

Regions of high scoustic fHeld are whitle. Corresponds 29S8
sonteexr level A = 1, Figure B.3.
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a slender, tapered aluminum housing attached to the end of & long steel
probe (2.5 cm dia x 460 cm long). The acoustic sensing element was
coﬁpled to an amplifier chain providing a voltage gain of approximately
10(?. Because of the high gain and because of the proximity of receiver
and transmitter special precautions were required in order to eliminate
stray rf pickup in the receiver chain. Elimination of stray r.f.
pickup is especially impertant in acoustic holography because such
spirious signals will be manifested as z coplanar reference signal.
Accordingly, the first two stages of amplification were housed inside
the probe immediately adjacent to the sensing element and were powered
by sélf-contained batteries. Thus the low level stages were isolated
by at least 250 cm of water. The receiver assembly is shown in

Figures D.5 through D.8.

Standird calmxiaticn$76 indicate that the angular beam patte.n
width (first lobe) for a simple piston 2\ diameter shoulc be approxi-
mately 35°. This basic pattern will be modulated by the response
characteristic of the crystal lattice and by internal reflections. The

pattern for the receiver used is shown in Figure D.9.
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ng Transducer Body, Assembled

ivi

Rece

Figure D.6.

Detector element,3 mm diameter, located in the relief between the 2 and 3 inch mavrks.




Receiving Transducer Body, Disassembled

Figure D.7.

27.5V battery pack, detector element assembly, amplifier (gain =100).

From left to right

=

TR

T

w

TR




PRI gy

DI W

Hiil!itil!!‘.!i"!?1fﬂ{gﬂ:’%‘éi?lImxwrmtm;'mmvmnpwn MM g o

e

Go
T

RELATIVE AMPLITUDE
[ [N
!

)

()" ]
—3

ok H

- O

1 | 8 i i 1_ 3

0
80 60

Figure D.S.

40 20 O 20 40 60 80
© (DEGREEYS)

Sensitivity of Receiver as Function of Angle 6

About Normal to Hologram Plane
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APPENDIX E
CHARACTERISTICS OF THE PHOTQ-ACOUSTIC CONVERSION

Tre process by which a photographic transparency P(r) is formed
from 2n acoustic field A(r) is conveniently separated into three stages:
1) the electro-optical conversion, 2) the optical to photographic
conversion, and 3} the scale reduction. See Figure V.10. Dependence
of P upon A is most easily controlled electronically in the electro-
cptical conversion stage rather than photographically in the following
stages.

The barium titanate receiving transducer generates an electric
potential E proportional to the incident acoustic field. Since E is a
low level signal it is amplified 100 by preamplifier A located inside
the probe, deep underwater where stray RF fialds are small. The
amplified signal is combined with the reference and then passed to the
cathode of the CRT display through gated amplifier G. By appropriate
choice of G and electvonic processing U a wide range of characteristics
P(A) may be cbtained.

A Tektronix type 561 oscilloscope with P-31 phosphor was used for
the CRT display because the electristatically focused CRT of this unit
has a small spot size (.25 mm diameter) which is relatively unifom in
size and intensity over an 8 x 10 am display area (320 x 400 resolution
cells). 7The P-31 phosphor produces a bright green spot (spectral peak
at .52 micron, spectral range from .4150 to .6000 micron) which decays
in 32 msec. to 0.1% of peak intensity, iong enough to adequately time

average 1 Mz signals but fast enough to follow fringe variations
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:during scanning. In retrospect, a magnetically focused CRT with P-15
phosphor (.05 msec. decay time) would have been of great value since
these devices may have resolutions almost 10 t-mes greater than the
best elecfrostatically focused CRT, particularly inportant when diffuse
scattering is involved (holograms #13 and #14).

Typical characteristics of the electro-optical conversion are

shown in Figure E.1 plotted as mormalized CRT spot intensity I/czI0 as a

function of signal amplitude input E to amplifier G; two linear gains
are shown. By introducing non-linear amplification it is possible te

alter the shape of I(E). For exampie, the Child'sLaw response of the

Sl R A

CRT electron gun may be compensated to give an overall square law

response for I(E).

ARt i i

The CRT spot intensity was sbtained by measuring the open circuit

ik

voltage of an International Rectifier type ARM selenium photocell

T |
el

placed in the camera film plane with aperture set at £/1.9. The open

=
=
=
=
25
=
=
=
=
=
=
=
=
=
==
=
=
=
=
=
=
£
=
=]

circuit voltage VOC of this cell is given by 7

i
L

\Y

oc (E.1)

=5 @+ 1701
where I0 is the dark current of the cell, o is a conversicn constant
relating junction current t¢ incident ligat intensity I, T is cell
temperature, K is Boltzmarm's Constant, and e is the electronic charge.
Normalized intensity I/qu is sufficient information since proper film
exposuire is most easily determined by trial-amd-error.

The scanned CRT display is time photographed with a Tektronix
type £-12 camera equipped with £/1.9 lens. Choice of film was based

R R G R e R R S
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Figure E.1. Electro-optical Conversion Characteristic for Two

Different Gains for Amplifier G
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upon abtaining high resolution and contrast of the scanned fringes.

This demanded a fine grain emilsion (100-150 lines/mm resolution) with
anti-halation backing and a photographic speed approximately ASA 50. It
was anticipated that an orthochromatic spectral response would be
required in order to prevent any cathode glow penetrating the CRT
phosphor layer from exposing the film during the long exposure period

(4 - 9 hours). This precaution proved unnecessary.

Two film types were tried: Kodak Contrast Process Ortho, a high
contrast em:lsion, and Xodak Panatamic-X, a continuous tone emulsicn.
Both provide gray scale rendition but the relative dynamic range of the
high contrast emulsion is much smaller. Polaroid type 55 P/N is also
suitable and is corvenient tc use. but its self-developing feature
allows little lattitude in developing.

Photographic exposure-development characteristics are usually
plotted as photographic density (Iogml/PI where PI represents
intensity transmittance cf the developed emulsion) against loglos where
E is the exposure (total energy). Such piots are known as Hurter-
Driffield curves. In this work it is more convenient to plot PI versus
E for incoherently illuminated transparencies but PA (ampiitude
transmittance of the developed emulsion) versus £ for coherently
iliuninated transparenciesys. Typical H-D curves for Contrast Preccess
Ortho film processed in a high contrast developed. Kodak type D-11, and
Paratomic-X film processed in a continuous tone develcper, Kedak type
D-76, are shewn in Figure E.279.

After processing. the transparency (on one of the above emulsions)

obtained from the CRT display is reduced in size approximately § to 1
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onto Kodak High Resolution Glass Plates processed with XodaX T5pe D33

developer. Typical P, versus £ characteristics for this e=isica are
given in Figure E.Sso. The final reduced transparency, the acoustic
hologram, is a “positive" of the accustic fieid, that is, fringes of
iarge zcoustic amplitude are recorded ss fringes of high iight
ampiitude transmittance in the hologra=. The overalil respomse
characteristic for the scoustic hologras transparercy is cbtained by
combining the three component respoases precesdirg. Typical

characteristics are shoxn in Figure E.s.
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APPENDIX F
RECONSTRUCTION FROM COPLANAR REFERENCE HOLOGRAMS

We present here the special techniques required in order to
obtain quality reconstructicn from coplanar reference holograms {(cften
encountered in acoustic holography). The basic problem with coplanar
reference holograms is that the zero order diffracted wave (geo-
metrical shadow of the hoiogram) is superimposed upon and interferes
with the reconstructed images. In order to obtain useful reconstruct-
ions this interference must be eliminated. (There is also interference
between the two images but this is of relatively less importance.)

The process for eliminating zerc order interference can be
enderstood by examining relations (IV.56) and {IV.62) for the distance
2 between reconstructed image planes and the hologram plane. These

equations are summarized as

Uz
- 0 =.1)

imz(l - zo/zR) + uzO/zC

where m is the ratio of original acoustic field dimension to

ZI«:

corresponding hologram transparency dimension, u is the ratio of
acoustic recording wavelength to visible reconstruction wavelength, %
is the distance between object point and hologram plane, zp is the
distance between reference focus and hologram plane, and 2: is the
distance between reconstruction illumination focus and hologram plane.
For the important case Zp e (valid for all holograms described

in Chapter V) Equation F.l reduces to
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214

If the demagnification, the wavelength scale, and the distances 20 and

z, are such that

mZZC

HZ,

> 1 (F.S)

then 2y, corresponds to a real image located between Z. and the hologram
vlane, and 21 corresponds to a virtual image located behind the
hologram plane. If condition (F.3) is not satisfied then both images
are real, 214 lying beyond 205 2y, lying between 20 and the hologram
plane. The later condition is illustrated in Figure F.1.

It is now clear how to eliminate the zero order field; simply use
convergent illumination during reconstruction. Then the zero order
will come to focus at 20 which, as we have already seen, lies between
the two images. By placing a minute opaque stop S at 2. as shown in
Figure F,1, the zero order can then be removed without appreciably
effecting the image fields. Zero order removal can alse be acccmplish-
ed by placing the converging lens directly in front of rather than
tehind the nologram.

From Equations (IV.61) and (IV.62) tne lateral magaification M,
the fraction by vhich the image is smaller than the object in planes

parallel to the holoyram plane, is

_ ]
R v s mo oveon S -4
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Under the condition N +

3 +1
M T R T Gz : (F.5)

Thus, when both images are real, the one lying closest to the hologram
will be smaller and reversed from the other. Equation (F.5) shows that

by suitable adjustment of the parameters large magnifications can be

obtained. However, as the magnification increases so does 2 and, as a
matter of practicality, the i.mages will be restricted to rather small
sizes as a result of the large demagnification m. Thus, in order tc
view the images magnification will be required, for example by placing
a lens behind the zero order stop.

We now briefly discuss a unique method for display of the images
reconstructed from acoustic holograms. As we have shown these images
will usually be real rather than virtual and will be of small size.
Hence, the display of acoustic hologram reconstructions is a problem in
teal image visualization. Conventiocnally, acoustic holograms are view-
ed by magnifying and then projecting the reconstructed real images onto
a diffusely reflecting or transmitting screen. However, there is
another technicue which is often more useful.

We show in Figure F.1 a scheme for viewing acoustic holograms in
which the real image is projected directly cnto the photosensitive

surface of 2 vidicon television camera tube and the reconstruction is

PO AL T

then viewed on a TV monitor. There are several advantages to this

system of viewing:

o RATNR T O o fa

1) the image is magnified electronically (typically between 12
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and 25 to one depending upon the relative size of vidicon ard monitor),

i

2) the slight jitter inherent in the TV raster tends to average

out the speckling due to coherence effects,

3) saturation effects tend to eliminate the mottling character-

L AR i

istic of acoustic images,

4} the contrast, brightness, and threshold sensitivity of the

display may be varied instantaneously and continuously over a wide

lattitude.

The last is most important because accustic reconstructions

appear 8s bright images against a uniform background and it is often

b B St oottt T OO i

difficult to distinguish one from the other using conventional

methods. With the variable display it is nuite easy to separate the

bright image from the dim background. MNweerous examples of the utility
of this viewing technique are presented in Chapter V; for example,
campare Figures V.23(a) and V.23(c).




o A

TRIGI

s RANIN

1

UERRLEATT R T A e LT LR LI Py e ;ll AR

s 0

RGBT U T

PHIY o ¢

Ry

i

Y

i
-

~3
.

10.

11.

12.

14.

REFERENCES

D. Gabor, "Light and Information', Progress in Optics, Vol. I,
Edited by E. Wolf, North-Holland (1 s 118.

Kodak Plates and Films for Science and Industry, Kodak Publication
P-9 (1962), 5-d.

J. A. Rajchman, '"Integrated Computer Memories™, Scientific
American 217, 18-31 (1967}.

S. Q. Duntley, 'Visibility in the Oceans', Optical Spectra, 4th
Quarter (1967), 64-69.

Private communication with Dr. William D. Squire of the Naval
Undersea Research and Development (enter, Pasadena, California.

R. E. Danielson, ''Large Telescopes in Orbit", Science and
Technology 67. 54-64 (1967).

D. Gabor, "A New Microscopic Principle", Nature 161, 777-778
(1948). -

D. Gabor, "Microscopy by Reconstructed Wave-Fronts", Proc. Roy.
Soc. (London) A197, 454-487 (1949).

D. Gabor, '"Microscopy by Reconstructed Wave-Fronts, II", Proc.
Phys. Scc. B64, 449-469 (1951).

E. N. Leith and J. Upatnieks, "Reconstructed Wavefronts and
Communication Theory", J. Opt. Soc. Am. 52, 1123, 1130 (1962).

E. N. Leith and J. Upatnieks, *Wavefront Reconstruction with
Continuous-Tone Objects”, J. Opt. Soc. Am. 53, 1377-1381 (1963).

E. N. Leith and J. Upatnieks, "Wavefront Reconstruction with
Diffused Illumination and Three-Dimensional Objects",
J. Opt. Scc. Am. 54, 1295-1301 (1964).

J. T. McCrickerd and N. George, '"Holographic Stereogram fram
Sequential Component Photographs", Appl. Phys. Letters 12,
10-12 (1968).

H. Berger, "A survey of Ultrasonic Image Detection Methcds”,
presented at the First International Symposium on Acoustical
Holography, heid at the Douglas Advanced Research lLaboratories,
Hunington Beach, California, (1967).

Wi o AL 0 A NI L R s e O

0 bt s bbbty g

pd

il

[T R B * IR TR IRt

TR P

o il g

!

:v’; o



,’t]!

7";

15. P. M. Morse and H. Feshback, Methods of Theoretical Physics, Vol.I,
McGraw-Hill (1953), 676-706.

16. M. Born and E. Wolf, Principles of Optics, Second Edition,
Pergamon Press {1964).

17. T. J. Skimmer, "Energy Considerations, Propagation in z Random
Meditm and Imaging in Scalar Coherence Theory", Ph.D. Thesis,
Boston University, (1964).

~18. R, Bracewell, The Fourier Transform and Its Applications, McGraw-
Hill (1965), 269-271.

u 5 o i
ot DI R A A ), 0

19. M. Born and E. Wolf, op. cit., Chapter X.

20. M. J. Beran and G. B. Parrent, Theory of Partial Coherence,
Prentice-Hall, Inc. (1964).

21. W. R. Beam, Electronics of Solids, McGraw-Hill {1965), 370-38S.

UGN b APSEITHR )0 408 ¢ VE ATt Yerie¥n

22. W. B. Davenport and W. L. Root, An Introduction to the Theory of
Randam Signals and Noise, McGraw-Hill (1958), 244-247.

g

23. M. J. Lighthill, An Introduction to Fourier Analvsis ard
Generalized Functions, Cambridge (1564).

24. J. R. Klauder and E. C. G. Sudarshan, Fundarentals of Quantum
Optics, ¥. A. Benjamin, Inc. (1968), Chapter I.

]

25. M. J. Beran and G. B. Parrent, op. cit., Section 4.3.

LT

26, S. F. Edwards and G. B. Parrent, "The Form of the General Uni-
modular Analytic Signal", Optica Acta 6, 367-371 (1959).

27. P. B. Fellgett and E. H. Linfoot, "On the Assessment of Optical
images", Trans. Roy. Soc. (London) A 247, 369-407 (1955).

28. E. N. Leith and J. Upatnieks, '"Recent Advances in Holography",
Progress in Optics, Vol.VI, Edited by E/ Wolf, North-Holland
1967).

26. A. W. Lohmann, ‘'Wavefront Reconstructicn for Incoherent Objects",
J. Opt. Soc. Am. 55, 1555-1556 (1965).

TS A B g

30. C. Sparrow, "On Spectroscopic Resclving Power', Astrophysics
Journal 44, 76 (1916).

31. Unpublished data furnished by the Naval Undersea Research and
Development Center, Pasadena, Californiz.

32. G. M. Wenz, "Aroustic Ambient Noise in the Ocean: Spectra and

246

TIOR3 v < apmi A b0 Al b

e = e e == S

ISR B e 0 PP

hit tatts

i




T

l'm“;!” ) put ik
il e T + 1 A

e

aAItH

RS

e PP R

Sources", J. Acous. Soc. Am. 34, 1936-1956 (1962).

33. I. Tolstoy and C. S. Clay, Ocean Acoustics, McGraw-Hill (1966), 4.

34. J. B. DeVelis and G. 0. Reynolds, Theory and Applications of
Holography, Addison-Wesley (1967).

35. G. Tricoles and E. L. Rope, "Reconstructions of Visible Images
from Reduced-Scale Replicas of Microwave Holograms", J. Opt. Soc.
Am. 57, 97-89 (1967]. )

36. P. A. M. Dirac, The Principles of Quantum Mechanics, Oxford (1958).

37. R. Courant and D. Hilbert, Methods of Mathematical Physics, Voi.Il,
Interscience Publishers (198Z), 3Z0-32Z.

38. J. D. Jackson, Classical Electrodynamics, John Wiley and Sons, Inc.
(1962), 17.

39. R. Mittra and P. L. Ransom, "Imaging with Coherent Fields",
Antenna Lzboratory Report 67-3, Antemna Laboratory, Dept. of Elec.
Eng., University of Iilinois, 1967.

40. R. J. Collier, "Holography and Integral Photography™, Physics
Today, July (1968}, 54-63.

41. G. W. Stroke and A. E. Labeyrie., "white-Light Reconstruction of
Holographic Images Using the Lippmann-Bragg Diffraction Effect”,
Phys. Letters 20, 368-370 (1966).

42. E. N. Leith and J. Upatnieks, "Recent Advances in Holography", op.
cit., 31-35.

43. N. George and J. ¥. Matthews, 'Holographkic Diffraction Gratings"”,
Appl. Phys. Letters 9. 212, 215 (1966).

44. J. W. Matthews, "Theory of Hclography”, Ph.D. Thesis, California
Institute of Technology, Pasadenz, California, (1967;.

45. A. Sommerfeld, COptics, Academic Press {1964), Chapter V.

46. l; V. Lovitt, Linear Integral Egquations, Dover Publications, Inc.
(1950).

47. R. J. Collier and K. 5. Pennington, "Ghost Imaging by Holograms
Formed in the Near Field", Appi. Phys. Letters 8, 44-46 (1968).

48. J. A. Ammstrong, 'Fresnel Holograms: Their Imaging Properties and
Aberrations", IBM J. Res. Dev. 2, 171-178 (1965).

247

e e

NN i, e AR

LR O P

AR

L e R T T et e e 110

sl e b b W b




" | d
WY Y DN EY uzm‘lm!ly'll;lll!llli!'!l'lllllll!ﬂln'ﬂl'"lﬂhl'm%m-'ﬂﬁmmhmmm”""““”"”"

e MRATIRET 4 100 X L 8 0 y0r Y

49.

61.

62.

E. B. Gmmpagne, "\ox:pardnal Imaging, Magnif katio*x, and
Aberration Properties in Holegraphy", J. Opt. ScC. Am. 57,
51-55 (1467).

E. N. Leith, J. Upatnieks, and K. A. Hains, "Microscopy by
Wavefront Reconstruction", J. Cpt. Soc. Am. 55, 931-98¢ { 1065).

G. W. Stroke, in Introduction to Coherent Optics and Holegraphy,
Academic Press (1966).

J. Mathews and R. L. ¥zlker, Mathemazical Physics, W. A. Benjaxin
Inc. (1967}, Chapter X.

?

A. E. Covington N. ¥, Brc,ezz, “An Interfercmeter for Radic
Astronomy with a Single Lober Radiation Pattern”. IRE Trans. Ant.
Prop. AP-5, 247-255 (1957).

R. W. Meier, 'Magnification and Third-Order Aberrations ir
Holography”, J. Opt. Soc. A=. 55, 987-992 {1965).

R. ¥. Meier, "Depth of Focus and Depth of Field in Holography”,
J. Opt. Soc. Aa. 55, 1693-1634 (1965).

R. W. Meier, "Cardinal Points and the Novel Imeging Properties of
a Holographic Systes, J. Opt. Scc. A=. 56, 219-7%5 (196%).

S. Sokolov, U. S. Pateut No. 216185 {1937].

G. S. Bemnett, A New \!et}:cé or the hsa.a;i tion and Measurezent
of Ultrasonic Fields", J. Acocus. Soc. A=, 28, 430 474 {1952).

J. A. Kennedy and R. Muenow, "Practical Icprovesents and
Applications for the Ultrasonic I=age fomverter”, IEEE I
Ult. SU-14, 47-52 (1967).

. -
3S. XHi.

H. Berger and R. E. Dickens, "\ Review of Ultrasonic Imcsging
Mothods, With 8 Selected, Annotated Bibiicgraphy™, Arganne
National Laboratery Report ANL-8680, {3863).

H. Berger and J. Xreskz, "Photogrephic Film Be eC"“% Method for
Ultrasonic Field ?19..33.1.3*1&';", .}. Acous. Soc. Am. 34, 5i8-5it
(1962). —

J. Upatnieks, A. ?as:ie* Lx&, ard E. Leith, "Correcticn of ilemxs
Aberrations by Means of Hologra=s™”, Appi. {}zat. 5, 589-335 {1965}.

H. R. ¥Worthington, "Preductica of Holograss with Imccherent

Tilmiration”, J. Opt. Soc. &m. 56, 1397-1398 (1965).




td bt ki

My
Pd
*

LY}
[

ol
’

m

'™
[]

(N}
W
L]

J. E. Jacchs, ¥. J. {ollis, and H. Berger, "an Bvaluetion of 2=
Ultrasonic Inspection System Employing Television Teckniges™,
Materials Evaluaticn 22, 208-21Z {195%).

R. K. Mueller and X. §. Seridem, "Scund Iolograns and Opricel
Reconstruction”, Appi. Phys. letters §, 328-320 (19%5).

K. Prestcm axd J. L. Ereuszer, "Hltrasomic Imeging Using =
Synthetic Bdlographic Tedmigue™, irppl. Phys. letters 13, 138-132
{1857 —

LS cF-

F. L. Trrstone, "ltrascxd blography and Vistal Recoostyuctisy,
Proc. Syzp. Bicmed. Ene. I, 12-15 {1266},

A, F. Methereil, H. ¥, A. EI-8» S, J. Dreher, 22 L. Larecrs,

“Izage Reconstruction from Sampled Accustical Bolograms™, Azpl.
Pors. Letters ifi, 277-Z70 {31%847}).

R. B, Mecimoildy, “Inciined Reference Aocostic Hologras®s™, Agpl.
Pins. Letters 131, 266-288 {33£7].

. o = o Py o n ~ - : 3 -3 -
P Jacguirot B. Boizen-i 38T, Apodisenicy™, Progrsss in

G. {. Sherman, "Appiicaticon of the Uooooluticn Theoven o
—

=
F =
F (AT F-

g
o
n
t?il
%
“j’
-
i
4“"
§
i
l¢
;
wn

. gnetischer Wellen ther sinsn
ebenen Lelter™, Am. 4. Frsik £3, $81-388 {191,

i
¥
:ml

¥
Jjﬂ'

i
o
{!:3

P, C. Gemow, The Plzme ¥ove Soocimm Pepresentetics of
Electromgnetic rieics, PErgaxs Press (1S9, 13-35.

D. M. Marse, Vibretien = Scood, McGraw-311 {3828), Secticm 5.

2i3id State Thysicel Elsciyomics, Fremtice-iEil,

A. Tona, "Photogrspiic Recording of Spatiailiv Modulztad Ocherent
H Lom

» 3 -
fight”, J. Opt. Soc. Im. 35, 425-432 {1085y,

Xegative MoXing with ¥odsk Blzck-and-¥hite Sheet Filnms, ek

Xodsk Hich Resointicn Plates, ¥odsk Pmzier P-£7 {IS57}.
i — ol -
248

!

RN

i

=

i

]

g e At OO D SR o AN

M i

"y




Y

Cm  mees . e
SSounty Clane: -c ion N

DOCUMENT CONTRCL DATA-R& D

Sevurty clas st stion of title. bodv of ab tact and indexing annotation n ! be antered wlan the overall ranarl 1+ classiliedy

t CRIGINA TING ACT1ViTY {Corparate author) 20. FEFORY SCCuRt™ ~ASSIFICATION
School of Engineering and Appiied Science Unclassified
University of California 2, GAOLP
Los Angeles, California

3 REI JRY TITLE

’.coustic Imaging by Holography

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

Technical Report ~ August 1969

5. AUTHORIS) (F1rat name, middle initial, lest name)

MacAnally, Richard B.

Yeh, C.
6 REFPORY DATE T8. TOTAL NO OF PAGES 7b. %O. OF REFS
August 1969 249 80
e, CONTRACY OR GRANT MO 8. ORIGINATOR’S REPORT NUMBE R{S)
N00014-67-A-0111-0014 69-48

5. PROLECT NGO

c. 9b. OTHER REPORT NO(L) (Any other numobers that may be assigned
this report

d.

1C. DISTRIBUTION SYATEMENT
Reproduction in whole or in part is permitted for any purpose
of the United States Government

11, ZUPRLEMENTARY NOTES 12. SPONSORING 14iLITARY AaCTIVITY

Department of Navy
Office of Naval Research

13. ABSTYRACY

A method for -isualizing objects immersed in wate {s formulated analy-
tically and demonstratad oxperimentally. The technique, calls. "acoustic holography,"
is an adaptation of Gabor's two-step imaging procesz known as wavefront reconstruction
or holography. The hologram is first formed from coherent acoustic radiation and then
the image is veconstructed optically usingz coherent light scurce. Acoustic helography
has advantage over cther schemes for imaging in opticelly opaque media in that lenses o
other feccusing devices are not required, aid a complete amplitude and phase reconstruc-T
tion of the scattered field may be obtained. Since instantaneous amplitude is an acousd
tic observable, the ruference field -ay be simulated electronically. Moreover, by re-
sorting to heterodyne or phase detection the cross product term betweer spject and ref-
erence signals may be generated without the undesired extraneous te s which occur in
conventional holography. A scanning techniqu: for generating acous.i~ holograms of
undervater objects in the laboratory is described in detaii. Using this system acoustig
holograns have been recorded which show angular resolution of 3.6 milliradians, approxi-
mately 1.5 times the Rayleigh limit. A variable contrast television display was used tg
view the acoustic holograms. To limit the attenuation of acoustic wave in sea water to

a tolerable value, only acoustic signal with frequencies below 1 MHz should be used. W
used 1 MHz sipnal for our experiment. Consequently, the quality of any acoustic image
degraded by poor resolution and specular reflection. It is suggested that diffuse or
incoherent illumination be used to overcome the defect that acoustic images often appea
as diffracted highlights rather than as extended forms. Thus, it appears that acoustic
holog "aphy is not necescarily optimum for all acoustic imaging situations.

DD o™ 14735 (PAGE #)

/N Ot10t.ps7.6801 Security Classificotion

S

§§
=
==
=
==
S
=
=
=]
=
=
==
2
=]
=
=
EJ
2
g
g
]
%
]
E]
g

i




O mm ecibee tomalflantine — . _—_—a
OSCUTIlY N~ Temssila fio11] . N
14, LINX A LINK B LINr C
KEY WORDS
ROLE wY ROLE wY ROLE wT

Acoustic Imaging
Acoustic Holography

Underwater Acoustics

e (O

G 1

PR

DD :’f:ru“ 473 (BACK)

{PAGE 2)

e ——— e —— -

Security Classification

U

L &




